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Abstract 

This study investigates the fabrication and characterization of nano-Al₂O₃ fiber-reinforced polymer composites using a 

hand lay-up technique. The composites consist of an epoxy/hardener matrix reinforced with E-glass fiber (610 GSM) 

and varying volume fractions (0–2.5%) of nano-Al₂O₃ powder synthesized via high-energy ball milling. Specimens are 

fabricated in accordance with ASTM D638 (tensile), ASTM D790 (flexural), and ASTM D785 (hardness) standards, 

employing a five-layer E-glass fiber laminate strucwture. Mechanical properties—tensile strength, flexural strength, and 

Rockwell hardness—are systematically evaluated and compared across Al₂O₃ volume percentages. Results highlight the 

influence of nano-Al₂O₃ reinforcement on enhancing mechanical performance, leveraging the inherent advantages of E-

glass composites, such as high strength-to-weight ratio and wear resistance, for potential industrial applications. 

Keywords: ultimate tensile strength, impact strength, hardness, DSC, DTA, TGA. 

1. INTRODUCTION 

Composite materials have been utilized since ancient times, evolving into modern lightweight, high-strength materials 

with exceptional mechanical, thermal, and electrical properties. Epoxy-based composites are widely used due to their 

high adhesion, chemical resistance, and ease of processing. This study focuses on fabricating Al₂O₃ nanoparticle-

reinforced E-glass fiber polymer composites using a hand lay-up method. High-energy ball milling synthesizes nano-

Al₂O₃ powder, which is incorporated into an epoxy matrix with varying volume fractions (0%, 0.5%, 1%, 1.5%, 2%, and 

2.5%). Laminates are prepared with five layers of E-glass fiber and tested for tensile strength, flexural strength (three-

point bending), and hardness following ASTM standards (ASTM D638, D790, D785). Results demonstrate significant 

improvements in mechanical properties with increasing reinforcement percentages, particularly at 2% and 2.5%. Nano-

Al₂O₃ enhances tensile strength, fracture toughness, and stiffness due to its superior mechanical and thermal properties. 

Hybrid composites combining natural and synthetic fibers further optimize material performance for applications in 

aerospace, automotive, marine, construction, and electronics. Functionally graded materials with non-homogeneous 

microstructures enable tailored properties for advanced applications. This research highlights the potential of nano-

Al₂O₃-reinforced polymer composites in industrial applications requiring high strength-to-weight ratios and durability. 

2. Materials and method  

2.1 Raw materials  

Epoxy resin (LY 556) has been used as the matrix and hardener (HY951) as the curing agent. Chopped E-glass fiber and 

Al2O3 nanoparticles have been used as reinforcements.  

2.2 Fabrication of composite 

Historically, glass fiber-reinforced polymer (GFRP) composites have been fabricated using the hand lay-up technique. 

In this study, five-ply E-glass fiber mats were initially cut using scissors. A mixture of Al₂O₃ nanoparticles and plain 
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epoxy was manually blended for 10 minutes using a glass rod. The epoxy adhesive mixture was prepared by adding 

hardener at a ratio of 10:1 following thorough mixing of the epoxy. 

 

The fabrication process involved positioning the first ply within a mold box, applying a coat of the epoxy adhesive 

mixture using a brush until complete saturation was achieved. Subsequent layers were added, allowing each to absorb 

the liquid before applying additional adhesive. This process was repeated until all five plies were stacked. A mild steel 

roller was used to remove excess adhesive and maintain uniform thickness across the composite surface. 

 

Al₂O₃ powder was incorporated at varying concentrations (0%, 0.5%, 1%, 1.5%, 2%, and 2.5%), resulting in six distinct 

composite permutations. The composite laminates were cured at room temperature for 24 hours. Following curing, 

samples were cut from the laminates in accordance with ASTM standards for further mechanical testing. 

2.3 Mechanical testing& Thermal analysis  

The interfacial adhesion between the polymer matrix and glass fiber reinforcement is critical for determining the overall 

strength of glass fiber-reinforced polymer (GFRP) composites. These composites are characterized through 

comprehensive mechanical testing protocols. Specifically, the mechanical properties assessed include hardness, tensile 

strength, and flexural strength, while thermal properties are also evaluated to provide a holistic understanding of the 

composite's performance under various conditions. 

2.3.1 Tensile testing 

Tensile tests on the nanocomposites were conducted in accordance with ASTM D3039 standards. These tests were 

performed using a computerized universal testing machine at a controlled crosshead speed of 1 mm/min. All tensile 

evaluations were carried out at room temperature. A total of six samples were examined to ensure reliable and consistent 

results. 

2.3.2 Flexural testing 

The three-point flexural test was conducted using the same universal testing machine, adhering to the ASTM D790 

standard. This test was employed to evaluate the flexural properties of the composites, providing insights into their 

bending behavior and resistance to deformation. 

2.3.3 Hardness tests 

The hardness of each composite sample was determined using a Rockwell hardness testing machine. This method 

provided a quantitative assessment of the surface hardness of the composites, offering valuable insights into their 

resistance to indentation and wear. 

2.3.4Differential Scanning Calorimeter (DSC) 

Differential scanning calorimetric (DSC) measurements were performed using a Mettler Toledo DSC calorimeter within 

a temperature range of 0°C to 350°C under atmospheric conditions. The melting and crystallization temperatures of the 

samples were determined midway through the thermal analysis process. This technique provided insights into the 

thermal transitions and phase changes of the materials under controlled heating conditions. 

2.3.5 Derivative Thermal Analysis (DTA) 

Differential thermal analysis (DTA) was performed using a Shimadzu TGA-50/DTA thermogravimetric analyzer. Under 

atmospheric conditions, samples were subjected to a controlled heating ramp from ambient temperature to 1000°C at a 

rate of 10°C/min. This technique facilitated the assessment of thermal transitions and phase changes within the material 

as a function of temperature. 

2.3.6  Thermo gravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) was conducted using a Shimadzu TGA-50 thermogravimetric analyzer. The samples 

were heated under atmospheric conditions at a controlled rate of 10°C/min, starting from ambient temperature and 
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progressing up to 1000°C. This method enabled the precise measurement of mass changes in the samples as a function 

of temperature, providing insights into their thermal stability, decomposition behavior, and physicochemical transitions 

3. Result & discussions 

3.1 Tensile test results 

The influence of nano-Al₂O₃ particles on glass fiber-reinforced polymer (GFRP) composites is illustrated in Figure 1. 

The incorporation of nanoparticles significantly enhances the tensile strength of composite materials due to the strong 

interfacial bonding between the filler and matrix, as well as effective particle dispersion, which facilitates efficient stress 

transfer. The results indicate that the composite specimen reinforced with 1.5% nano-Al₂O₃ particles achieved the 

highest ultimate tensile strength of 248.99 MPa, exhibiting a more pronounced variation in tensile strength compared to 

other compositions. However, the ultimate tensile strength begins to decrease with the addition of 2% nano-Al₂O₃ 

particles, suggesting an optimal reinforcement concentration. 

Table. 1 Ultimate tensile strength 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1: Variation of Tensile strength w.r.t Nano-Al2O3 Content in composites 

3.2 Flexural test results 

Figure 2 illustrates the flexural strength of composite samples with varying concentrations of nano-Al₂O₃ particles. The 

specimen reinforced with 1.5% nano-Al₂O₃ particles exhibited the highest flexural strength of 205.88 MPa, surpassing 

other composite specimens. This enhancement is attributed to the uniform dispersion of nano-fillers and the robust 

interfacial bonding between the epoxy matrix and the filler materials, which enhances energy absorption and effectively 

inhibits crack initiation and propagation. Furthermore, it is observed that the flexural strength of the composite 

specimens exhibits a steady increase as the fraction of nano-fillers increases, indicating a direct correlation between 

nano-filler content and improved flexural performance. 

 

 

Specimen Ultimatetensilestrength(MPa) 

A1 199 

A2 207.55 

A3 228.37 

A4 248.99 

A5 237.91 

A6 182.96 
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Table.2:  Maximum Flexural strength. 

Specimen Maximum flexural strength(MPa) 

A1 176.5 

A2 186.2 

A3 200.2 

A4 205.88 

A5 200.81 

A6 205.63 

 

 

 

 

 

 

 

 

 

 

Fig.2: Variation of flexural strength w.r.t Nano-Al2O3 Content in composites 

3.3 Hardness test results 

The micro-hardness of the composite was evaluated using a digital Leco micro-hardness tester. A diamond indenter was 

applied to the composite specimen under a load of 3 N for a duration of 10 seconds to create an indentation. The typical 

Vickers hardness values are tabulated in Table 3 and Fig.3. The results indicate a gradual increase in hardness, with a 

maximum value of 25.3 Hv. However, the hardness values across different compositions show minimal variation, 

suggesting that the addition of nano-Al₂O₃ particles does not significantly impact the hardness of the composites. 

Table. 3: Micro hardness values 

Specimen Micro Hardness Hv 

A1 17.2 

A2 18.5 

A3 20.1 

A4 21.6 

A5 22.4 

A6 25.3 
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Fig.3: Variation of Hardness value w.r.t to nano-Al2O3 Content in composites. 

3.4 DSC test results 

The influence of micro-particles on the glass transition temperature (Tg) of the composite was analyzed across various 

compositions, specifically A1, A2, A3, A4, A5, and A6. The glass transition temperatures for these compositions with 

different modifiers are documented in Table 4 and Fig.4. The results indicate that there are no substantial variations in 

the Tg values, suggesting that the incorporation of micro-particles does not significantly alter the thermal transition 

behavior of the composites. 

Table. 4: Glass transition temperature 

Specimen Glass transition temperature(C) 

A1 60.8 

A2 61.6 

A3 62.4 

A4 63.6 

A5 66.0 

A6 67.5 

 

Fig.4: Temperature vs. Heat flow Graph 
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3.5 Derivative Thermal Analysis (DTA) 

Figure 5 and Table 5 presents the differential thermal analysis (DTA) curves for nano-Al₂O₃ filler material composites 

in an oxygen atmosphere. The DTA peak in Fig.5 corresponds to the oxidation temperature of the Al₂O₃ 

nanocomposites, with a prominent spike observed at 474°C. This spike is attributed to the sudden mass loss of nano-

Al₂O₃. Additionally, significant weight loss occurs between 400°C and 500°C, which is associated with the pyrolysis of 

polymer materials. A smaller weight loss is also observed between 600°C and 700°C, indicating further thermal 

degradation processes. 

Table.5 Peak value temperature 

Specimen Peak value Temperature (C) 

A1 269 

A2 423 

A3 457 

A4 464 

A5 471 

A6 474 

 

 

    Fig.5: Temperature vs. Heat flow Graph 

3.6 TGA test results 

Table 6 outlines the initial and final temperatures of nano-Al₂O₃-filled composites. The incorporation of nanofillers into 

the polymer matrix enhances the thermal stability of the composites. The thermolysis process occurs in two stages: 

initially, the evaporation of interlayer moisture leads to composite degradation, with a 10% weight loss observed during 

this phase. The nano-Al₂O₃-filled composite undergoes degradation between 233°C and 257°C. In the second stage, 

thermal deterioration is influenced by factors such as filler loading, bonding strength, and filler-matrix compatibility. 

Notably, specimen A3 exhibits a higher weight loss percentage compared to A4, indicating that the 1.5% nano-Al₂O₃ 

composite (A4) is more thermally stable. Figure 6 illustrates that the ceramic nano-Al₂O₃ filler is more stable and robust 

than the epoxy matrix due to its heat-resistant properties. Consequently, the addition of nano-Al₂O₃ improves the 

thermal stability of polymer composites by enhancing their heat resistance. However, increasing the concentration of 

nano-Al₂O₃ results in decreased degradation temperatures, suggesting a complex relationship between filler content and 

thermal stability. Overall, nano-Al₂O₃ fillers contribute to improved thermal stability in polymer composites. 
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Table. 6: Initial and Final degradation temperatures 

Specimen Initial Degradation 

temperature(C) 

Final Degradation 

temperature(C) 

A1 233 573 

A2 260 568 

A3 265 582 

A4 271 576 

A5 280 562 

A6 257 575 

 

Fig.6 weight loss vs temperatures 

 

4.Fracture surface analysis through scanning electron microscopy (SEM)  

The underlying mechanisms of micro- and nanoscale failures in various composite sets can be elucidated through 

scanning electron microscopy (SEM) analysis of the fracture surfaces. Consequently, all composite specimens that 

failed during tensile testing underwent fractographic examinations to investigate the failure modes. The addition of 

nano-Al₂O₃ to epoxy is known to enhance the strength and toughness of specimens, which is expected to alter the typical 

failure mechanisms observed in conventional fiber-reinforced polymer (FRP) composites. This modification in failure 

behavior can provide valuable insights into the role of nano-Al₂O₃ in improving the mechanical performance of these 

composites. 

 

 

 

 

 

 

 

Figure.7:Fracture study of a 0.5% nano AL2O3 composite. 
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Figure 7 presents the delamination surfaces of the 0.5% nano-Al₂O₃ composites evaluated at room temperature. The 

morphology of the composite reveals smooth fiber impressions, indicative of delamination between the fibers and the 

polymer matrix. However, the incorporation of nano-Al₂O₃ alters the morphology of the fiber impressions. As depicted 

in Figure 7, all nano-Al₂O₃-reinforced composites exhibit matrix deformation and fiber impressions on the delaminated 

surface, suggesting an enhanced interaction between the fibers and the matrix due to the presence of nano-Al₂O₃ 

particles. 

 

 

 

 

Figure.8: Analysis of 1.5% nano AL2O3 composite fracture. 

Figure 8 illustrates the diverse deformation morphologies observed in the 1.5 weight percent nano-Al₂O₃ composites 

evaluated at room temperature. Specifically, the 1.5 wt% nano-Al₂O₃ composites exhibit fiber pull-out and hardening of 

the matrix phase, as shown in Figure 8. These features undoubtedly contribute to enhanced strength and modulus 

compared to control Al₂O₃ composites. In contrast, significant matrix deformation was observed in the control 

composites, as depicted in Figure 7. The presence of nano-Al₂O₃ particles in the 1.5 wt% composites leads to improved 

mechanical properties due to the enhanced interfacial interaction and matrix reinforcement. 

  

 

 

 

Figure .9:Fracture study of a 2.5% Nano AL2O3 composite. 

Figure 9 displays a rough and bare fiber surface devoid of any polymeric phase, indicating fiber/matrix debonding that 

may be attributed to inadequate interfacial bonding. In contrast, the 0.5 weight percent nano-Al₂O₃ composite exhibits a 

coating of the epoxy matrix on the fibers' surface, suggesting a strong fiber/matrix interfacial bond. Additionally, the 

fiber surface in Figure 9 reveals characteristic morphologies such as mirror, mist, and hackle patterns, which are 

indicative of distinct failure modes and interfacial interactions. These observations highlight the role of nano-Al₂O₃ in 
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enhancing the interfacial adhesion between the fibers and the matrix, thereby influencing the composite's mechanical 

behavior. 

5.Conclusions: 

Experiments were conducted to evaluate the mechanical properties and dispersion stability of nano-Al₂O₃-reinforced 

epoxy composites by varying the volume percentage of nano-Al₂O₃. The mechanical characteristics of glass fiber-

reinforced polymer laminates were enhanced by increasing the volume percentage of nano-Al₂O₃. Factors such as fiber 

orientation, nano-Al₂O₃ content, resin content, and fabrication technique influence laminate efficiency. However, issues 

related to stability, agglomeration, voids, and dispersion of nano-Al₂O₃ were encountered. 

 

Various characterization instruments were employed to analyze the mechanical and microstructural behavior of nano-

Al₂O₃-epoxy samples. Ultimate tensile strength, flexural strength, and microhardness were determined using a universal 

testing machine, a three-point bending test, and a tensile test, respectively. Thermal analysis was performed using DSC, 

DTA, and TGA tests. Scanning electron microscopy (SEM) was used to analyze the morphology of failed composite 

specimens, focusing on matrix epoxy and filler dispersion. 

 

Mechanical Test Results: 

 

Tensile Strength (ASTM D638): The tensile strengths for laminates with varying volume percentages of nano-Al₂O₃ 

(0%, 0.5%, 1%, 1.5%, 2%, and 2.5%) were 199 MPa, 207.55 MPa, 228.37 MPa, 248.99 MPa, 237.91 MPa, and 182.96 

MPa, respectively. The 1.5 vol% nano-Al₂O₃ epoxy sample exhibited the highest tensile strength of 248.99 MPa. A 

decline in tensile strength was observed beyond 1.5 vol%, potentially due to nano-Al₂O₃ aggregation. 

 

Flexural Strength (ASTM D790): Flexural strengths for laminates with varying volume percentages of nano-Al₂O₃ (0%, 

0.5%, 1%, 1.5%, 2%, and 2.5%) were 176.5 MPa, 186.2 MPa, 200.2 MPa, 205.88 MPa, 200.81 MPa, and 205.63 MPa, 

respectively. The 1.5 vol% nano-Al₂O₃ epoxy sample achieved the highest flexural strength of 205.88 MPa. Similar to 

tensile strength, flexural strength decreased beyond 1.5 vol% due to possible aggregation. 

 

Vickers Hardness (ASTM D785): The Vickers hardness values for laminates with varying volume percentages of nano-

Al₂O₃ (0%, 0.5%, 1%, 1.5%, 2%, and 2.5%) were 17.2 Hv, 18.5 Hv, 20.1 Hv, 21.6 Hv, 22.4 Hv, and 25.3 Hv, 

respectively. The 2.5 wt% nano-Al₂O₃ epoxy sample had the highest Vickers hardness of 25.3 Hv. The increase in 

hardness beyond 1.5 vol% was attributed to enhanced brittleness, which compromised flexural and tensile strengths. 

 

Thermal Analysis: 

 

DSC: No significant changes were observed in the glass transition temperature (Tg) values. 

 

TGA: A notable difference in weight loss was observed between samples A3 and A4, with A3 losing 90.5% more 

weight than A4, which lost 38.36%. 

 

DTA: The peak values increased with the growth in nano-Al₂O₃ percentage, indicating changes in thermal behavior. 
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Overall, the addition of nano-Al₂O₃ improves the mechanical properties of epoxy composites up to a certain 

concentration, beyond which aggregation and increased brittleness may lead to decreased strength. 
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