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Abstract

Due to their unique mechanical, electrical, and thermal properties, nanomaterials
have secured a special position in materials science and advanced industrial
applications. In this review article, nanomaterials are classified into four
categories zero, one, two, and three-dimensional based on their structural
dimensions, and their mechanical behavior in the form of nanocomposites has
been investigated. The primary focus is on carbon nanomaterials, including
graphene and single-walled and multi-walled carbon nanotubes, as well as ceramic
and magnetic nanomaterials such as TiO:;, ALQOs, SiO:, Fe:0s4, and Fe:0s.
Mechanical properties, including Young’s modulus, shear modulus, and Poisson’s
ratio, along with the elastic stiffness components of the matrix, have been analyzed
within the framework of analytical and micromechanical models. In particular,
the rule of mixtures and the Halpin—Tsai model have been employed to predict the
elastic behavior of nanocomposites, and the effects of parameters such as volume
fraction, orientation, aspect ratio, and nanoparticle dispersion quality have been
evaluated. Additionally, synthesis methods including sol-gel, co-precipitation, and
chemical vapor deposition (CVD) have been examined regarding their impact on
particle size, morphology, and uniformity. Study results indicate that optimizing
the interfacial structure and the uniform distribution of nanophases leads to an
increase in the Young’s modulus, tensile strength, and hardness of the composite.
Furthermore, accounting for nano-scale effects and modifying classical models
with multi-scale approaches significantly increases the accuracy of predicting
elastic behavior. Finally, industrial applications in wear-resistant coatings,
magnetic sensors, electromechanical systems, and aerospace industries are
reviewed, and the existing challenges in dispersion and multi-scale modeling are
analyzed.
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1- Introduction

In recent decades, the emergence of nanomaterials
has triggered a fundamental revolution in materials
science, facilitating widespread applications across
various industries. Single-walled and multi-walled
carbon nanotubes (CNTs), as key components of
nanotechnology, have been synthesized on silver
electrodes and silicon wafers using chemical vapor

deposition (CVD) and plasma-enhanced chemical
vapor deposition (PECVD) methods, with growth
parameters such as temperature, gas flow, and
reaction time meticulously optimized. The resulting
Ag-CNT electrodes, characterized by SEM and DC
differential electrolytic potentiometry,
demonstrated robust natural behavior and high
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sensitivity to ions, in contrast to the irregular
performance of conventional silver electrodes.
Computational studies and CFD simulations,
utilizing gas-phase and surface models, have
successfully predicted growth rates and nanotube
coverage, showing strong agreement with
experimental data and confirming the viability of
these nanotubes as precise and stable nanosensors
[1-3]. Beyond their role in nanosensors, carbon
nanotubes  exhibit significant potential in
conductive  high-strength composites, energy
storage and conversion devices, displays, hydrogen
storage media, and nanometric semiconductor
devices. Nevertheless, challenges such as high
costs, dispersion issues, and processing limitations
remain obstacles to certain applications. Their
exceptional mechanical properties have made them
a preferred reinforcement phase in composites and
polymers, leading to substantial improvements in
Young’s modulus, strength, and toughness [4, 5].
Nano-based materials and coatings, particularly
anti-corrosion  nanocoatings, provide  high
efficiency and durability through specific functional
classifications and structural interactions. For
instance, epoxy composites reinforced with ZnO
nanoparticles  exhibit
properties, high adhesion, and excellent corrosion

favorable = mechanical
resistance, making them suitable for a wide range of
applications, including anti-corrosion coatings, UV
protection, adhesives, and electronics and
construction industries [6, 7]. In this context, the
objective of this review is to identify and analyze
existing research gaps in the field of nanomaterials
and functional nanocomposites for industrial
coatings. Despite extensive progress in synthesis
and application, a comprehensive understanding of
the relationship between structure, synthesis
method, and the mechanical response of multiphase
systems has not been fully established.

This study focuses on classifying nanomaterials
based on structural dimensions and reinforcement
phase types, providing a comparative analysis of
common synthesis methods including sol—gel, co-
precipitation, and CVD and evaluating their effects
on microstructure, distribution, and interphase
adhesion within polymer, metal, and ceramic

matrices. Additionally, by reviewing mechanical
and microstructural models such as the rule of
mixtures, Halpin—Tsai models, and size-dependent
theories, an effort is made to establish a quantitative
relationship between microstructural parameters,
matrix properties, and the elastic-plastic behavior of
nanocomposites. The innovation of this research
lies in the integration of mechanical and synthetic
perspectives, with a specific focus on interphase
effects and stress transfer behavior at the nanoscale
areas previously addressed only in fragmented or
inconsistent manners. Consequently, this article
aims to provide an analytical framework for the
design  of coatings  with
multifunctional mechanical properties and stability.
By addressing challenges such as nanoparticle

nanostructured

dispersion, phase heterogeneity, and the limitations
of multiscale modeling, it outlines future research
pathways to improve the performance, durability,
and industrial scalability of nanocomposites.

2- Comparative Analysis of Elastic and
Mechanical Behavior

A comprehensive comparison of nanomaterials
shows that the mechanical properties of composites
are strongly governed by the type of nanomaterial,
interfacial  adhesion, and  crystallographic
compatibility with the matrix. Among all classes,
carbon-based nanomaterials such as graphene,
single-walled carbon nanotubes (SWCNTSs), and
multi-walled carbon nanotubes (MWCNTs) provide
the most significant improvements in stiffness and
tensile strength. Graphene, with an elastic modulus
in the range of 1000—1300 GPa and tensile strength
of about 130—150 GPa, exhibits some of the highest
mechanical properties ever reported, and even at
volume fractions below 2%, graphene or SWCNTs
can increase the modulus of polymer matrices by 35
times. Graphene oxide (GO), due to functional
groups and weaker bonding, shows a lower modulus
of 200-300 GPa and a softer elastic response, while
reduced graphene oxide (rGO) can recover modulus
values up to about 800 GPa through partial
restoration of its lattice structure. Similarly,
SWCNTs display a modulus near 1000 GPa and
tensile strength of 150-200 GPa, often showing
strongly nonlinear reinforcement behavior that is
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commonly described by Halpin—Tsai-type models.
MWCNTs, with modulus values ranging from about
100 to 1000 GPa, provide moderate reinforcement
but superior resistance to buckling. In contrast,
ceramic nanomaterials such as TiO2, ZrO., and
Al0s; mainly contribute to hardness and thermal
stability. TiO: and ZrO: offer modulus values of
about 300400 GPa and 200-230 GPa, respectively,
while Al>Os, with a modulus near 350 GPa, provides
a balanced combination of stiffness and stability.
However, the high brittleness and very low failure
strain of ceramics limit their use mainly to thermal
and protective coating applications. Metallic
nanomaterials such as gold and silver, with
relatively low modulus values of about 78-90 GPa,
generally improve toughness and ductility rather
than stiffness. Iron oxides, including Fe.Os and
Fes0s4, exhibit modulus values of around 180-300
GPa, but because of their magnetic nature and
typically weak adhesion to polymer matrices, they
often reduce tensile strength and increase
temperature-dependent creep. Nevertheless, in
hybrid systems containing graphene or rGO, FesOa
may enhance thermal stability through combined
magnetic and copolymeric effects. From the
standpoint of instability and time-dependent
deformation,  carbon  nanomaterials = show
outstanding buckling resistance because of their
very high modulus-to-density ratio, while creep in
these systems is usually negligible and dominated
by the matrix. By contrast, ceramics are more prone
to high-temperature creep and local brittle failure,
whereas metallic nanomaterials may exhibit
diffusion-controlled deformation. Overall, the
comparative analysis indicates that graphene and
SWCNTs are the most effective nanofillers for
improving longitudinal and shear moduli, ceramics
act mainly as thermally stable secondary
reinforcements, and FesOs can contribute
meaningfully only when strong interfacial bonding
with the matrix is achieved.

3- Conclusion of Results

Nanomaterials and nanocomposites represent a
transformative frontier in materials science,
offering exceptional mechanical, thermal, and
electrical properties for advanced functional

applications. This review demonstrates that the
mechanical performance of nanocomposites is a
complex function of nanoparticle characteristics,
matrix properties, interfacial dynamics, and spatial
distribution. While classical analytical models like
the Rule of Mixtures provide preliminary
estimations, they fail to account for nanoscale
heterogeneities. Conversely, the Halpin—Tsai
modelincorporating aspect ratios and orientation
alongside tri-phase micromechanical analyses,
provides a superior framework for predicting elastic
behavior, stress transfer, and fracture toughness.
Carbon-based nanofillers (Graphene, GO, rGO,
SWCNTs, MWCNTs) are identified as the most
effective reinforcements for enhancing stiffness and
tensile strength, provided that uniform dispersion is
achieved to prevent agglomeration. In contrast,
ceramic (TiO2, ZnO, ALOs, ZrO:) and magnetic
nanoparticles (Fe20s, FesO4) are pivotal for thermal
stability, wear resistance, and multifunctional
performance. The study emphasizes that interphase
engineering specifically the optimization of
chemical adhesion is critical for overcoming the
limitations of conventional matrix-dominated
behavior, such as creep and brittle failure. Synthesis
techniques, including sol—gel, co-precipitation, and

CVD, are essential for controlling particle
morphology and distribution, which in turn dictates
the structural integrity of the final composite.
Integrating experimental data with multiscale
modeling offers a robust pathway for the targeted
design of high-performance materials tailored for
sectors such as aerospace, electromechanical
systems, and advanced biomedical coatings. Future
research should prioritize the development of
frameworks to simulate particle agglomeration, the
functionalization of interphase regions, and the
design of multifunctional, scalable smart
composites, thereby bridging the gap between
theoretical ~ modeling and  industrial-scale
implementation.
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2 Carbon Nanotubes

! Electromagnetic Interference
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Bending
Sample hardness strength strength strength at break modulus
M M M 9
(Gpa) (Mpa) (Mpa)  (Mpa) (%) Gpa)
p-type skutterudites 524576 204630 10£105 _ _ 8+44
" tes+ 0, 1-
p-type skutterudites+ 0.5 wt% multi 524513 154355 7465 6440
walled carbon nano tubes - -
- k ites+ 1.0 wt? 1ti-
p-type skutterudites+ 1.0 wt% multi 854563 154320 7454 B B 2439
walled carbon nano tubes
- ites+ 1. 0, i-
p-type skutterudites+ 1.5 wt% multi 704569 102255 5145 - - 33-10
walled carbon nano tubes
oil palm empty fruit bunch fiber _ B _ 50-400 8-18 1-9
Kenaf fiber _ _ _ 500-600 1.5-3.5 40-53
100% nano-PLLA _ _ 135.6 55.6 _ 33
90% nano- PLLA+ 10% nano-HA B _ 142.5 53.2 -~ 35
80% nano- PLLA+ 20% nano-HA B _ 156.8 48.6 -~ 3.8
70% nano- PLLA+ 30% nano-HA _ _ 130.3 423 B 3.9
60% nano- PLLA+ 40% nano-HA 125.9 38.6 4.1
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Matrix Tensile Graphen Tensile Fracture
Graphene Matrix Preparation Optimum modulus modulus motll’ le se streneth toughness
type method loading Em increase Ef (Gu l;) increasi (%) increase
(GPa) (%) P ° (%)
Three roll o 2.8 22 14 24 at 3Wt% 80
GNP Epoxy mill 8 wt%
Three roll o 24 15.8 106 59 at B
fGNP Epoxy mill 1 wt% 0.5Wt%
Three-roll 0 2.9 8 243 57 at0.1 B
fGr Epoxy mill 0.2 wt% Wi%
Solution 0 2 33 402 3.5 _
GNS Epoxy blending 0.1 wt%
Solution N 2.5 24 122.5 14 _
Go Epoxy blending 1 wt%
Solution N 2.9 150 177 153 _
fGr PVA blending 5 wt%
GNS PVA Solution 3 wi% 0.12 990 36 166 _
blending °
Solution 0 4.8 70 1704 66 at _
Gr PVA blending W 0.8Wt%
GNP PVA Melt mixing 20 wt% 1.2 412 54
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Ciz Frac
Typi Buckli D Mat
P Creep uexdin Strengt (Pois Cz Cu . ture c E .en .a ¢
cal . g . Css . Modeling . sity For rial
Behavi hening son- (transver (longitudin Strai G G
Matr (Formul (shear) Method (gle mula Nam
ices or a) Type relat se) al) ng f Pa) pa) m’) o
ed) (%)
Epox m::; . Euler: 200 130 100
Y, bl " ocr=kn* Ultra- 0.25E 1/C22=V{/Ef  EfVf+Em(1 ROM, Halpin- 11 0- 5 C Grap
PVA, Care: E/12(1- high 1 wo TU-VOEm Vi) Tsai, MD 15 130 (sp)  hene
PVB R$ V2)(U/b)? 0
Viscoe Grap
Epox . Plate
1 1/C22=VH/0. 2 h
vo % buckling,  Moderat s VOIS G SEVEE Ty Halpine 20 2% o
(matrix 0.4E1 Eft+(1- . 1-5 - 1.8 Oxid
Nylo reduced e 15 m(1-Vf) Tsai, ROM 50 O-H
0 PU - E off V{)/Em 300 e
’ driven) - (GO)
Low
Epox creep; _ rGO
Y, strong Euler/pla Hieh 03El 50— 1/C]252f+(\;f/045 0.8EfVf+E Halpin-Tsai, 238 30- 300 19 ( gﬁi (Red
PP, matrix te hybrid & ’ 150 VIVE m(1-Vf) ROM 100 200 ’ I; 0) uced
PET  bondin m 2 GO)
g
No
Epox creep Sligh 150
at RT; ocr=n’El  Extremel t 25 1/C22=V{/Ef (1+13.6Vf) ROM, Halpin- 515 100 135 c SWC
p}]:j)[ matrix /L2 y high reduc +(1-Vf)/Em Em Tsai, MD 200 0 ’ NT
control tion
led
Local 100
Epox Creep shell . .
nealici  bucklin. Moderat Stabl 0.5~  0.75Em+0.25  Em(1+7.8V Halpin-Tsai, 1-10 10- - 14 c MW
Y ele NS o tohigh e 2 Ef ) ROM 60 100 CNT
PE, ble dominate
s 0
Low
Epox o ooP Plate . 023E =I5  1/C22=VFEf EfVf+Em(l  Halpin-Tsai, 60- 200 BN
therma buckling High ) 0 H(1-VEVE Vi) ROM 5-10 20 - 2.1 BN nanos
R m R
Y lly model 900 heet

stable
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Behavi hening son- (she (longitudin Strai G G
Matr (Formul (transverse) Method (g/e mula Nam
ices or 2) Type relat ar) al) neg f Pa) pa) m’) R
ed) (%)
Stable;
E ’ 0.1 300
‘;OX creep  Particula  Moderat 0.23E  0.1-  0.85Em+0.15  3.6VA(Ef- (Eshelby) . 05 w2 Tior T
s . . - - . 2 2
. +
glass V1a( te effect e 1 0.3 Ef Em)+Em ROM 05 400
matrix
Epox ..
Minim Low— 0.05 0.5 140
i - Eshelby) .
e al I;‘uC Cl;si‘;’“ Moderat O'IISE ~ 0.9Em+0.1Ef ZEZIi;f;(E]:f (Eshelby) <5 - - 56 ZnO  ZnO
b oreep e e 0.15 ROM 12 200
Creep
Epox by (magneti
N 0.2 200
y,  interfa c " cga 0.65Em+0.35  12.5Vf(Ef- Fe:0
. . Limited tive <0.1 ROM <0.5 - - 52 Fe:0s
PVD cial influence Ef Em)+Em 3
effect 0.8 300
F relaxat )
ion
Matrix
d r_nin Limited 0.0 180
Epox . ° Moderat 025E 0.0~  Matrix- Moderate  (Eshelby) . 2- Fes0
ated, shell/mat 1 02 dominated filler effect <1 0.0 - 52 Fe;0s
y fime. rix e . ominate iller effec ROM 5 220 4
depend
ent
Neglig
E H .01 .1
POX ble Omoge 005 %' 0905Emt005  2.5VAEL (Eshelby) . 0 70- ) .
y y nized Low 1 - Ef Em)+Em <0.5 - 100 2.2 SiO: SiO:
glass ereep matrix 0.05 ROM 0.4
at RT
Creep .
Epox  low:  WSON o yiderat 0228 O% 0g2Emi0.1s 32VHEE (Eshelby) . 02 215 ALO
cerami stiffenin . ) - Ef Em)+Em <0.5 - - 39 AL:Os
y g 025 ROM 0.8 413 ;
c type
Low— Transfor 05 200
Epox moder matlon' Good 027E  0.06  0.86Em+0.14 4.1Vf(Ef- transformz.mont 05 ) ) 56 710, 710,
y ate tougheni 1 -0.2 Ef Em)+Em oughening 15 230
creep ng :
Diffusi
imuSl 0.02 0.0
’ . +0. +1. - -
Epox control  Very low Very S(-)ﬁe B 0.98Em+0.02  Em(1+1.5V ROM sever 1 78 193 Au Au
y low ning Ef f) al % 0.0 85
led 0.04 5
creep
Diffusi 0.02
+1. -
Epox ~ \{:ry i‘.’fe ; - Em(lﬂl v ROM Zel‘;ir 8930 105 Ag  Ag
creep W g 0.05 ’
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