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Abstract

Epoxy nanocomposites reinforced with surface-modified aluminum oxide (alumina) nanoparticles, particularly in
combination with chemically treated natural fibers, have emerged as an effective approach to enhance the mechanical,
thermal, and structural properties of these materials. Surface modification of nanoparticles and fibers using chemical
agents such as silane, indole, and sodium hydroxide improves interfacial adhesion, ensures uniform particle dispersion,
and reduces porosity, ultimately leading to increased tensile strength, impact resistance, surface hardness, and thermal
stability of the composites. Additionally, the presence of alumina nanoparticles restricts polymer chain mobility and
delays thermal degradation, resulting in higher decomposition temperatures and improved structural durability under
harsh environmental conditions. Studies indicate that optimal loading of alumina nanoparticles in the range of 5-15
wt.% not only enhances mechanical and thermal properties but also provides significant resistance against corrosion
and wear. Therefore, the combination of surface-modified alumina nanoparticles with natural fibers, alongside
optimization of formulation parameters and processing conditions, represents an efficient, sustainable, and cost-
effective strategy for developing advanced multifunctional composites for various industrial applications. In this study,
the effects of surface-modified alumina nanoparticles on the morphology, mechanical properties, thermal stability, and
thermal degradation behavior of epoxy nanocomposites are comprehensively investigated, and recent advancements

in this field are critically reviewed and summarized.

Keywords: Epoxy Resin, Modified Aluminum Oxide Nanoparticles, Morphology, Mechanical properties, Thermal
Degradation.
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Figure 1. Key Highlights Presented in Recent Advances of Epoxy Nanocomposites Containing Alumina Nanoparticles
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Figure 2. (a). Epoxy Composite (b). Modified Epoxy Nanocomposite
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Table 1. Comparison of Surface Modification Methods for Alumina Nanoparticles

Modification | Reagent Modification Effect on Approximate Advantages Disadvantages References
Method Mechanism Dispersion Cost
Sodium NaOH Surface charge Medium Low Cheap and Possible particle [18]
Hydroxide alteration and simple aggregation and
increase of hydroxyl crystal structure
groups damage
Silane Silane Covalent bonding of Excellent Medium Improved Requires precise [19]
organic groups to dispersion and control of reaction
particle surface, chemical conditions
improves compatibility
compatibility with
organic matrices
Indole Indole Organic coating on Good High Enhances High cost and [20]
particle surface, chemical process
increases compatibility complexity
hydrophobic and and dispersion in
hydrophilic specific media
interactions
Phosphoric H; PO, Formation of Good Medium Suitable for May reduce [21]
Acid phosphate groups on catalytic thermal stability
surface to increase applications
adsorption and
catalytic activity
Surface PEG, Polymeric coating Excellent Medium to Improves Increases weight [22]
Polymers PVP prevents High stability and and overall
aggregation and dispersion material cost
increases stability in
agueous or organic
media
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Figure 7. Storage Modulus of Epoxy Resin and Epoxy Nanocomposite
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Figure 8. Shear Strength of Epoxy Resin and Epoxy Nanocomposite
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Figure 9. Storage Modulus of Epoxy Resin and Epoxy Nanocomposite
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Table2. Summary of Key Studies (2022-2025) - Epoxy Nanocomposites

Study / Topic Time System Loading Corrosion Wear Rate Notes & References
(Summary) Range (Nanofillers) (wWt%) / Resistance Effect Limitations
Ratio Effect
Epoxy + N-doped 2024 Nitrogen-doped Very low Significant Strong Dispersion critical; [29]
Graphene 2025 graphene (~0.01- improvement reduction optimal dosage very
0.05) (~60-70%) low
Epoxy + Al, O3 - 2025 Al, O3 ~1-3 total Good Moderate Surface modification [31]
modified GO encapsulated on improvement reduction required for stability
graphene oxide
Epoxy + a- 2023— a-Al, O3 + 2-5 total Acceptable Significant Uniform dispersion [30]
Al, O3 /ZrO, 2024 ZrO, (dual improvement reduction & interface bonding
(Hybrid) system) crucial
Review on epoxy- | 2022— TiO, , ZnO, Variable Carbon+oxide Variable Need for long-term, [28]
based composite 2025 MOFs, Graphene, hybrids perform standardized testing
coatings Al, Oz mixes best
Epoxy + Al, O3 2023- Al, O; + 2-5 total; Significant Strong Clear synergy; [32]
+ Graphene 2025 Graphene ratio ~2:1 improvement reduction graphene dispersion
(Binary Hybrid) challenging
Epoxy + TiO, + 2023- TiO, + 24 total; Very high Very strong Best barrier + [33]
Graphene (Binary 2025 Graphene ratio ~2:1 improvement reduction hardness
Hybrid) performance; higher
cost
Epoxy + Al, O3 2024- | Al, O3 +TiO, ~5 total Maximum Lowest wear Complex [35]
+TiO, + 2025 + Graphene example improvement rate formulation; cost
Graphene optimization
(Ternary Hybrid) required
Dispersion & 2022— Surface Variable Improved Better Surface [36]
interfacial bonding 2025 silanization, coating particle functionalization
improvement coupling agents, durability dispersion usually essential
methods ultrasonics
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Figure 10. Thermal Analysis of Epoxy Nanocomposite Containing Banana Fibers and NaOH-Treated Banana Fibers
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Figure 11. Thermal Degradation of Epoxy Resin and Epoxy Nanocomposite
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Figure 12. Thermal Degradation Behavior of Epoxy Resin Containing Glass Fibers and Epoxy Nanocomposites
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Table 1. Key Highlights of Recent Advances in Epoxy Nanocomposites Containing Modified Alumina
Nanoparticles

Sample Name Year Modified Synthesis Surface Modifier Application Main Properties Limitations References
Materials Method
NaOH-Alumina- 2025 NaOH, Mechanical NaOH Aerospace Modulus +12%, Tensile Uneven [33]
Pineapple Leaf Alumina, mixing & +15% dispersion at high
Fibers-Epoxy Pineapple Leaf curing doses
Fibers
Epoxy-NaOH- 2025 NaOH, Resole Mixing & NaOH Automotive Increased hardness, Moisture [53]
Resole Fibers curing Thermal stability up to itivity
120°C initially
Epoxy-Alumina- 2024 Alumina, Mixing & Silane Lightweight Modulus +10%, Tensile Limited thermal [55]
Acuminata Banana Banana Fibers curing structures strength +12% stability
Fibers
Epoxy-Alumina- 2024 Alumina, Mixing & Silane Structural materials Modulus +11%, Tensile Insufficient [59]
Paederia foetida Natural Fibers curing strength +13% dispersion
Fibers
Epoxy-Novolac- 2024 Novolac, Thermal Titanate coupling Coatings & Adhesion +20%, Surface Temperature [61]
Alumina-Block Alumina, Block mixing agent Adhesion hardness +15% control required
Copolymer Polymer
Epoxy-Alumina- 2024 Alumina, Mixing & Silane Automotive Modulus +9%, Thermal Limited [64]
Sugarcane Bagasse Bagasse curing materials stability +10% dispersion
Epoxy-Alumina- 2024 Alumina, BN Mixing Amino-silane Electronics, Thermal Thermal conductivity 2.5 High material [66]
Boron Nitride management W/mK cost
Epoxy-Polyester- 2025 Nano Alumina, Mixing & Silane Adhesion & Adhesion +15%, Modulus Requires full [68]
Nano Alumina Nano Clay, curing Structural +10% dispersion
TiO
Bio-based Epoxy 2025 Nano Alumina Mixing & Silane Bio-based materials Thermal conductivity Curing [70]
DGEMT-Nano curing +20% temperature
Alumina limited
Epoxy-Silane 2025 Nano Alumina, Mixing & Silane Structural Modulus +12%, Tensile Moisture control [72]
Modified Nano Silane curing +15% essential
Alumina
Epoxy-Alumina (vs 2025 Alumina, Nano Mixing & Silane Electronics Thermal resistance +18%, Higher cost [74]
Nano SiO] & SiOr, TiO curing Dielectric improved
TiO[])
Epoxy-Alumina- 2025 Alumina, Mixing Amino-silane Antibacterial Antibacterial, Modulus Dispersion must [54]
Banyan Fibers Banyan Fibers materials +10% be controlled
Epoxy-Alumina- 2025 Alumina, TiN Mixing & Phosphate coupling Superhydrophobic Superhydrophobic surface High TiN cost [79]
Titanium Nitride curing agent coatings
Epoxy-Alumina- 2025 Alumina, Arka Mixing Silane Structural Increased modulus & Full  dispersion [57]
Arka Fibers Fibers good dispersion required
Epoxy-Alumina- 2025 Alumina, BN, Mixing & Ascorbic Acid Electronics & High thermal rGO  dispersion [59]
Boron Nitride- rGO curing Thermal conductivity, Modulus needs control
Reduced Graphene +15%, Electrical
Oxide-Ascorbic insulation
Acid
Epoxy-Alumina- 2025 Alumina, Mixing & Silane Structural Modulus +12%, Improved Uniform [56]
Jute, Hemp & Glass Natural & curing fiber arrangement dispersion
Fibers Glass Fibers challenging
Biofibers + Ceramic 2025 Nano Alumina, Mixing Silane Thermal Thermal conductivity Uniform [60]
Fillers (BN, BN, AITIO conductivity +25% dispersion
AlLO, SiC) SiC essential
Epoxy-Alumina- 2025 Alumina Mixing & Silane Construction Crack reduction 15% High particle [62]
Concrete curing loading increases
viscosity
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Epoxy-Nano 2025 Nano Alumina, Mechanical Silane Electronics High-power energy High diamond [64]

Alumina-Diamond Nano Diamond mixing conversion cost
Epoxy-Nano 2024 Nano Alumina, Mixing Silane Mechanical & Modulus +20%, Thermal Uniform [66]
Alumina-Graphene Graphene Thermal conductivity +18% graphene
Sheets dispersion
Epoxy-Alumina- 2024 Alumina, Mixing & Silane Structural & Modulus +15%, Thermal Moisture control [68]
Silane-Carbon Silane, Carbon curing Thermal stability +12% required
Fibers Fibers
Epoxy-Alumina- 2024 Alumina, BN Mixing Amino-silane Thermal Thermal conductivity BN cost high [70]
Boron Nitride management +22%
Epoxy-Alumina- 2024 Alumina, Mixing & Amino-functional Structural & Modulus +18%, Thermal Dispersion [61]
Boron Nitride BNNT curing groups Thermal conductivity +20% challenging
Nanotubes
Modified with

Amino Groups

Epoxy-Nano 2025 Nano Alumina, Mixing & Oleic Acid Anti-corrosion Corrosion rate reduced Drying before [63]
Alumina-Zirconia- Zr0 curing coatings 40% curing essential
Oleic Acid
Epoxy-Nano 2024 Nano Alumina, Mixing Citric Acid Thermal materials Thermal conductivity Dispersion needs [65]
Alumina-Citric Citric Acid, +15% control
Acid-Glucose Glucose
Epoxy-Nano 2023 Nano Alumina, Mixing & Silane Automotive Modulus +10% Uneven [34]
Alumina-Fly Ash Fly Ash curing dispersion at
high load
Epoxy-Nano 2024 Nano Alumina, Mixing & Silane Electronic thermal Heat capacity +12% Higher viscosity [35]
Alumina-Epoxy- Epoxy, curing management
Polyurethane Polyurethane
Epoxy-Nano 2024 Nano Alumina, Mixing & Silane Anti-corrosion Water penetration reduced TiO dispersion [65]
Alumina-TiO[- TiO[], Glass curing coatings 30% must be
Glass Fibers Fibers controlled
Epoxy-Nano 2023 Nano Alumina Mixing & Epoxy Propyl Polymer molding Modulus +14% Uniform [69]
Alumina-Epoxy Fibers curing dispersion
Propyl required
Functionalized
Fibers
Epoxy-Nano 2023 Nano Alumina, Mixing & Polyethyleneimine Anti-corrosion Corrosion rate reduced Moisture [71]
Alumina- PEI curing coatings 35% sensitive initially

Polyethyleneimine
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