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ABSTRACT

This review article focuses on recent advancements in enhancing the mechanical, thermal, electrical, and corrosion-resistant properties of epoxy resin
through the incorporation of surface-modified zinc oxide nanoparticles. The main objective of this review is to highlight the role of nanoparticle surface
modification and weight fraction on the performance of epoxy nanocomposites and to provide a comprehensive overview of the findings reported in
previous studies. In this review, scientific articles and experimental studies on epoxy nanocomposites containing zinc oxide nanoparticles were
systematically analyzed. Selected studies were evaluated based on criteria such as the type of nanoparticle surface modification, dispersion and mixing
methods, nanoparticle weight fraction, and the effects of these parameters on the mechanical and thermal properties of the epoxy matrix. Additionally,
the findings related to hybrid nanocomposite structures and their synergistic effects were summarized. The review indicates that uniform dispersion of
nanoparticles in the epoxy matrix improves interfacial adhesion, prevents stress concentration and crack propagation, and consequently enhances the
overall strength and durability of the material. Most studies suggest that low nanoparticle loadings (0.25—1 wt.%) promote better dispersion and improved
mechanical properties, whereas higher loadings may cause particle agglomeration and reduced performance. Surface modification of nanoparticles with
silane or amine groups enhances compatibility with the polymer matrix, improves stress transfer, and increases thermal stability. Furthermore, recent
studies show that hybrid nanocomposite structures create synergistic effects, simultaneously enhancing multiple performance characteristics. Overall,
the incorporation of surface-modified nanoparticles into epoxy resin demonstrates significant potential for developing advanced materials in electronics,
photonics, marine, medical, and aerospace applications.
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Figure 1 SEM image of the epoxy nanocomposite after the tensile
test[11]
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Figure 2 SEM image of epoxy resin and epoxy nanocomposite[15]
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Table 1 Key points regarding the morphology and main features of

epoxy nanocomposites[17-20]

Key Results Morphological and Surface
Structural Effects Modification Type
of ZnO
Nanoparticles
Improvement in Increased adhesion, Modification with
tensile strength and uniform distribution silane groups
thermal stability (ODTES)
Enhanced light Core-shell structure, ZnO nanoparticles
absorption and antibacterial and silver
optical properties properties nanoparticles
Improvement in Uniform dispersion, Modification with
mechanical better matrix bonding polyaniline
properties
Enhanced electrical Reduced Modification with
and mechanical agglomeration, anti-agglomeration

properties

increased effective
surface area

organic compounds

Improved catalytic
performance and
stability

Integrated
nanocrystalline
structure

Zn0/Zn2TiO4

Improved corrosion
resistance and

More uniform
distribution, reduced

Chemical surface
modification of

mechanical porosity recycled ZnO
properties
Improved Better adhesion, Modification with
mechanical and improved particle amino silane
thermal resistance distribution
Increased modulus Reduced Modification with
and tensile strength agglomeration, stearic acid
enhanced surface
stability
Improved thermal Increased resistance Modification with
and chemical to thermal phosphate
stability degradation compounds

Increased hardness
and wear resistance

Improved particle
dispersion

Modification with
carboxylic acids

Improved
mechanical and
anti-corrosion

Increased matrix-
nanoparticle adhesion

Modification with
organic polymers

properties
Enhanced durability | Uniform distribution, Modification with
and mechanical increased crack amino groups
performance resistance
Improved Reduced Modification with
mechanical and agglomeration, various silanes
thermal properties increased cohesion
Improved magnetic Uniform hybrid Zn0O-Fes0a
and mechanical structure
properties
Increased strength Multilayer structure, ZnO with graphene
and electrical increased surface area nano-oxid

properties
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Figure 4 Thermogravimetric analysis (TGA) curves of epoxy resin
and epoxy nanocomposites[52]
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Figure 3 Thermogravimetric analysis (TGA) curve of epoxy resin
and epoxy nanocomposites[43]
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Table 2 Key points regarding surface modification and main features of epoxy nanocomposites[27-33]

Surface Synthesis
Results Modification M Nanoparticle Type
Method
Method
Increased adhesion, uniform . .
Tyt A . . Zinc oxide
distribution, improved mechanical Amino groups Hydrothermal .
A . nanoparticles
resistance and elastic modulus
Enhanced chemical bonding with . .
o - . G Zinc oxide
matrix, improved thermal stability Silane groups Silanization .
nanoparticles
and charge transfer
Better particle dispersion, increased . .
. . . Zinc oxide
mechanical resistance, and Amino groups Hydrothermal .
. X nanoparticles
prevention of agglomeration
Increased active surface area of
nanoparticles, improved - Surface Zinc oxide
. . Polyaniline .. .
mechanical and electrical polymerization nanoparticles
properties
R.educed.pal.'tlclfs L DLBED DS Anti-caking . Zinc oxide
uniform distribution, and enhanced Surface coating .
q . compounds nanoparticles
mechanical properties
Synergistic effect, increased . Graphene nano-oxide
. . Combined . .
mechanical strength and thermal Hybrid and zinc oxide
.. method .
stability nanoparticles
Uniform distribution, improved Hybrid Combined Nanosilica and zinc
tensile strength and elastic modulus y method oxide nanoparticles
Improved mechanical properties, . Carbon nanoparticles
. Combined . .
flexural strength, and thermal Hybrid and zinc oxide
. method .
stability nanoparticles
I.mproved particle dispersion, - Chemical Zinc oxide
increased hardness and wear Carboxylic acids . .
5 coating nanoparticles
resistance
Increased resistance to thermal . . .
L Chemical Zinc oxide
degradation, improved thermal and | Phosphate-based . .
coating nanoparticles

chemical stability
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Table 3 Key points regarding the mechanical properties and main features of epoxy nanocomposites[38-43]

ZnO
Elastic Tensile Flexural Impact
Hardness Weight Modification or
Modulus Strength Strength Strength Sample Type
(Shore) Percent Hybrid Type
(GPa) (MPa) (MPa) (kJ/m?)
%

Nanocomposite
Modified with
containing ZnO
Silane
nanoparticles

Nanocomposite
Modified with
containing ZnO
Amino groups
nanoparticles

Nanocomposite
Modified with
containing ZnO
Hybrid Polymer
nanoparticles

Nanocomposite

Graphene oxide containing ZnO

nanoparticles

Nanocomposite
Nanosilica and
containing ZnO
Amine
nanoparticles




Nanocomposite
Modified with
32 85 128 21 87 1.25 containing ZnO
Silane
nanoparticles
Nanocomposite
Nanosilica and
34 89 133 23 90 1.75 containing ZnO
Polymer
nanoparticles
Nanocomposite
Nanosilica and
33 87 131 22 89 2.5 containing ZnO
Amino groups
nanoparticles
Modified with Nanocomposite
3.5 91 138 24 91 1 Silane and containing ZnO
Hybrid nanoparticles
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Table 4 Key points on recent advances in epoxy nanocomposites containing surface-modified zinc oxide nanoparticles[69-71]

Sample Name Year Key Results
Epoxy Resin — Iron Oxide Nanoparticles — Zinc Oxide
2025 Improved optical and magnetic properties
Nanoparticles
Epoxy Resin - Zinc Oxide Nanoparticles 2025 Increased anti-corrosion properties
Epoxy Resin - Zinc Oxide Nanoparticles — Carbon Fibers 2025 Increased anti-corrosion properties and increased adhesion
Epoxy Resin - Zinc Oxide Nanoparticles — Silver
2025 Improved dielectric properties
Nanoparticles
Epoxy Resin - Zinc Oxide Nanoparticles - Isopropy! tri(dioctyl
2025 Improved mechanical properties and adhesion
phosphate) titanate
Epoxy Resin - Zinc Oxide Nanoparticles — Silicon Carbide
2025 Fifth-generation telecommunications
Nanoparticles - Silane groups
Epoxy Resin - Polyacrylonitrile - Zinc Oxide Nanoparticles -
2025 Improved anti-corrosion properties
Reduced Graphene Oxide Nanoparticles
Epoxy Resin - Glass Fibers — Zinc Oxide Nanoparticles -
2025 Increased mechanical properties
Ozone
Epoxy Resin - Zinc Oxide Nanoparticles 2024 Improved thermal degradation
Epoxy Resin - Zinc Oxide Nanoparticles - 3-
2024 Increased anti-corrosion properties
(Trimethoxysilyl)propyl methacrylate
Epoxy Resin - Zinc Oxide Nanoparticles— Areca Fibers 2024 Improved mechanical properties and thermal stability
Epoxy Resin - Carbon Fibers - Zinc Oxide Nanoparticles 2024 Improved mechanical properties and thermal stability
Improved anti-corrosion properties - Protective coatings against
Epoxy Resin - Zinc Oxide Nanoparticles 2024
UV radiation
Epoxy Resin — Alumina Nanoparticles - Zinc Oxide
2024 Improved anti-corrosion properties

Nanoparticles— Triazole Thiol

AR



Epoxy Resin — Silicone - Zinc Oxide Nanoparticles -
2022 Improved performance in atmospheric conditions
Glycidoxypropyltrimethoxysilane
Zinc Oxide Nanoparticles - Tannic Acid - Benzoxazine -
2025 Improved anti-corrosion properties
Epoxy Resin
Design of novel marine coatings based on epoxy with mechanical
Epoxy - Zinc Oxide Nanoparticles - Halloysite Nanoparticles | 2025
strength and thermal stability
Epoxy - Kevlar - Zinc Oxide Nanoparticles — Silicon Carbide | 2024 Increased mechanical properties
Excellent chemical resistance, high mechanical durability
Zinc Oxide Nanoparticles - Silica Nanoparticles - Epoxy Resin | 2023
(applications in separation in harsh industrial environments)
Epoxy Resin - Cadmium Oxide - Zinc Oxide Nanoparticles 2024 Applications in electronics, optics, and protective coatings
Epoxy Resin — Polydopamine - Boron Nitride - Zinc Oxide
2024 Durable anti-corrosion coating
Nanoparticles
Epoxy Resin - Graphene Oxide Nanoparticles - Zinc Oxide
2024 Anti-corrosion and antibacterial properties
Nanoparticles - Polydopamine
Epoxy Resin - Zinc Oxide Nanoparticles - Polyvinyl Chloride | 2024 Desalination efficiency, energy stability, and economic savings
Epoxy Resin - Ammonium Polyphosphate - Copper Oxide —
2024 Fire-resistant coatings and advanced thermal insulators
Zinc Oxide
Epoxy Resin - Zinc Oxide - Nickel Oxide 2024 Anti-corrosion coating for steel
Epoxy Resin — Basalt Fibers — Zinc Oxide Nanoparticles -
2024 Improved mechanical properties of composites
Polydopamine
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