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Abstract: The scientists investigate the mechanical characteristics of an epoxy-based 

biodegradable composite material reinforced with Al2O3 ultrafine particles and metal wires, 

and uses design of experiments (DOE) and simulation techniques to optimize its attributes. The 

Al2O3 nano powder was characterized by SEM and used in weight percentage of 0-5% to create 

composites with 50-100 nm nanoparticles. ANN models were trained on the resulting data to 

estimate the tensile strength and moisture absorbing behavior of the composite under different 

conditions, with mean absolute errors of 5% and 10% for the training and test sets respectively. 

The data demonstrate the effectiveness of computational learning in predicting the material 

properties of natural/jute composite materials and optimizing their design. Overall, this 

research paper provides valuable observation into the use of Al2O3 ultrafine nanoparticles and 

metal wire reinforcement for enhancing the overall material properties of biodegradable epoxy-

based composites. 

Keywords: Material Properties, Resin, Ultrafine Nano Particle, Simulation, ANN, Error 
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1. Introduction 

Epoxy resin composites (ERCs) are an extensively used class of materials in diverse industries 

such as automobile, gaming industry, aerospace, satellite, marine, building construction, 

biomedical, and others. The embedding of reinforcements into the epoxy resin matrix improves 

the characteristics of the resulting composite, making it more suitable for a diverse area of 

applications. The reinforcements enhance the mechanical characteristics of the matrix material, 

resulting in best performance in the composite. When two or more than two agents combine to 

produce greater effect of the reinforcement and matrix results in a structure that is tough and 

stronger than the individual components alone [1-5]. 

Natural fiber reinforced multiphase are an area of research interest due to their decomposable 

nature, abundance, light weight, low cost, high tensile strength, & durability. Even so, poor 
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quality of fiber-matrix connection and considerable water absorption, can’t limit their 

utilization. Nevertheless, filling epoxy with various fillers in appropriate ratio and curing the 

mixture can harness the chemical and physical properties of both epoxy-resin and fillers. For 

instance, a natural fiber reinforcing mat introduced in PCL, a biocompatible polymer, resulted 

in significant improvements in bending and tensile strengths. As well as, a PLA composite 

reinforced with natural fibers showed improved flexural and stiffness to elastic deformation. 

Although natural fiber reinforced composites show great potential in various applications, 

further research is required to improve their properties and overcome their limitations [6-10]. 

Studies have given results the effects of incorporating various fillers, such as CaCO3 and ZnO 

ultrafine nanoparticles, into jute/epoxy composites [11]. The results showed significant 

improvements in the mechanical characteristics and dynamic nature of the composites. Another 

study investigated the effect of altering the weight percentage of TiO2 nanoparticles [12] in 

epoxy on the tensile and dynamic mechanical characteristics of the composite. The 

enhancement of mechanical characteristics was observed up to 7.5%wt. functionally graded 

and TiO2-reinforced epoxy composites had a significant impact on the material's bending 

strength, tensile modulus, and inter laminar durability, regardless of the strength of the 

homogeneous composites. Tri-biological behavior of natural fiber/jute & epoxy composites 

was investigated at different orientations of jute mats, and the results indicated highly 

promising effects on wear and frictional performance. The mechanical properties and abrasion 

behavior of natural fiber reinforced composites with varied fiber alignment and the inclusion 

of titanium dioxide were also determined [13]. 

Epoxy is a commonly used matrix substance in the field of composites manufacturing due to 

its ability to form strong bonds with natural fibers, low cost, and effortlessly of acquisition in 

the form of resin. This has led to worldwide usage of epoxy in reinforcing natural/jute fibers. 

Additionally, its rapid cooling properties allow for the creation of a diverse range of composite 

products with high load-bearing capacity [14-20]. 

This study aimed to examine the effects of incorporating metal wire and Al2O3 nanoparticle 

filler materials on the physio-mechanical characteristics and wear properties of epoxy 

composite. The MW was handled with anti-oxidant chemicals, and the effect of this processing 

was examined. The Taguchi approach was employed for experimental design, using a matrix 

of four parameters with four levels. The primary attention of the research was on to improve 

the mechanical toughness, with further analysis utilizing simulation tools for estimating the 

machining capability of the developed composite, and used optimization methods for 

calibrating these properties [21-25]. 

The quality of being individual in this activity lies in the use of metal wire reinforcement along 

with aluminum oxide ultrafine nanoparticles to improve the tensile strength and stiffness of the 

composite material. The research also employs artificial neural networks to judge the 

mechanical characteristics of the composite material, which is a unique approach in the field. 

The results showed that the metal wire and nanoparticle reinforced composite had a better 

tensile strength and stiffness of elasticity than the nanoparticle-only composite, demonstrating 

the potential of this reinforcement method. Additionally, the employ of simulation software to 

estimate the mechanical characteristics of the composite gives the valuable insights for future 

composite design. 
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2. Material and Methods 

For this study, the composite material selected was Epoxy Resin (LY-556), due to its unique 

mechanical, thermal, and anti-corrosion characteristics, with moisture resistant quality as 

supported by research have done in the past. The composite material was produced by doping 

the epoxy resin and hardener (HY-951) in a specific ratio of 10:1, as detailed in Table 1, with 

both materials sourced from the online website the name was Sigma-Aldrich. To improve the 

chemical and mechanical characteristics of the hybrid, reinforcing components such as Al2O3 

ultrafine nanoparticles and chemically subjected metal wire (MW) were added. The grain size 

distribution measurements showed that the average grain size of the Al2O3 nanoparticles was 

between 50 to 100 nm. The ratio of this specific combination of matrix material and 

reinforcement components is expected to result in significant enhancement in the overall 

efficiency of the resin based composite material, including mechanical toughness, stiffness, 

thermal stability, resistance to corrosion & reduce moisture absorbing capacity. 

Table 1: Physical & Chemical Properties of the Epoxy Resin (LY-556) and it’s Hardener (HY-

951) [26, 27] 

Physical & Chemical 

Property 
Specifications LY-556 HY-951 Unit 

Density  ISO 1675 1.15-1.20 0.97-0.99 gm/cc 

Viscosity ISO 12058 10k-12k 10-20 mPa.s 

Flash Point ISO 2719 >200 >180 C 

Ultimate Tensile 

Strength 
- 82 50 MPa 

Color - Clear Transparent Clear Transparent - 

Table 2 presents the material descriptions used for resin based composite fabrication, providing 

a comprehensive list of all components used in this research. 

Table 2: Materials Description required for fabrication of Composite 

Constituents Specifications Purchase 

Epoxy LY-556 Online Supplier Sigma-Aldrich 

Hardener HY-951 Online Supplier Sigma-Aldrich 

Nano Particle (As Filler) Al2O3 (Approx 50-100 nm) Online Supplier Sigma-Aldrich 

Reinforcement Metal Wire (Size 0.2 mm) Online Supplier Sigma-Aldrich 

In this research, a metal wire with a thickness of 0.2 mm was selected as reinforcement for the 

resin based composite material, procured from the online supplier Sigma-Aldrich. The 

thickness of the wire was measured by using a micrometer to ensure precision, as it was a 

critical factor in determining its appropriateness for the considered application. Wires of 

different lengths ranging from 10 mm to 50mm were cut after measurement to be utilized as 

reinforcement in the resin based composite material. 

The composite material was reinforced with Al2O3 ultrafine nanoparticles, known for their 

outstanding tensile strength, stiffness and thermal characteristics. Figure 1 presents the particle 

distribution TEM images of these ultrafine nanoparticles, which demonstrate the dispersal of 

grain sizes in the resin based composite material. The figure shows that the average size of the 
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nanoparticles falls within the range of 50 nm to 100 nm SEM. The use of nanoparticles as 

reinforcement in composite materials has gained significant consideration in recent time 

periods due to their exceptional properties. The small particle size of nanoparticles results in 

an increased surface area, leading to improved mechanical properties such as increased strength 

and durability. Additionally, the use of nanoparticles also results in enhanced thermal 

properties, making the composite material more heat-resistant. 

  

Figure 1: TEM images of Nanoparticle Al2O3 and refined with image processing software 

ImageJ [28] 

2.1 Treatment of Metal Wires (MW) to prevent Corrosion 

The metal wire selected for the present study was made of cu, so there was possibility of the 

corrosion of the wires, so proper hot-dip galvanization process was adopted for the present 

study. Corrosion can degrade the surface of the wire, reduce its mechanical toughness, and 

affect its electrical and structural parameters. Therefore, it was necessary to apply a suitable 

corrosion protection technique to enhance the durability and reliability of the wire during 

experimentation. In this study, a proper hot-dip galvanization process was adopted as a 

protective method. This process involves coating the metal surface with a protective zinc layer, 

which acts as a protective layer against corrosion. The method was selected based on previous 

studies [29-31]. 

2.2 Controlling Parameters and Their Levels 

In this research, a reinforced material was manufactured using a Design of Experiment (DOE) 

methodology. This perspective involved the ordered sampling of components and confirmation 

of their standard according to DOE guidelines. The final and last selections of approach made 

for the factors and levels used in the research have been compiled in Table 3. The use of Design 

of Experiment (DOE) makes sure that the selection of components and quantities was done in 

a controlled, systematic & standard manner, resulting in accurate, precise and reliable results. 

Moreover, this method allowed for the discovery of significant factors and their corresponding 

proportions that may affect the characteristics of the resin based composite material. Altogether, 

the utilization of Design of Experiment (DOE) in this investigation provided a thorough and 

comprehensive analysis of the resin based composite material fabrication process. 
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Table 3: Regulating Factors with Levels 

Coded 

Name 
Factors/Levels I II III IV 

A Al2O3 (wt%) 1 1.5 2.0 2.5 

B MW Length (mm) 10 20 30 40 

C Load (kg) 1.0 1.5 2.0 2.5 

D Speed (RPM) 300 350 400 450 

2.3 Composite Fabrication (Hand Lay-Up Method) 

To fabricate the resin based composite material, epoxy (LY-556) and hardener (HY-951) were 

mixed in a ratio of 10:1 and exposed to magnetic stirring for 15-20 minutes [1]. The resin-

based composite was arranged in layers and compressed to form a straight composition 

applying the hand lay-up method [32]. The molds used in this method were in sheet form and 

made of silicon rubber sourced from online supplier Sigma-Aldrich. Once the epoxy and 

hardener mixture were prepared to use, it was poured into the mold and layers of resin-based 

composite were added based on the empirical standard design. The mold was then permitted to 

establish itself at ambient temperature for over 24 hours. More than two samples were 

fabricated for each mixture tested. After one day, the samples/specimens were extract from the 

mold, and test specimens were ready in accordance with American Society for Testing & 

Materials (ASTM) standard [33-35].  

Table 4: Total weight of the ingredient required for fabrication of composite 

Ex. No. Al2O3 (gm) MW (gm) ER (gm) Total wt. (gm) 

1 1 30 119 150 

2 1 30 119 150 

3 1 30 119 150 

4 1 30 119 150 

5 1.5 30 119 150 

6 1.5 30 119 150 

7 1.5 30 119 150 

8 1.5 30 119 150 

9 2 30 118.5 150 

10 2 30 118.5 150 

11 2 30 118.5 150 

12 2 30 118.5 150 

13 2.5 30 118 150 

14 2.5 30 118 150 

15 2.5 30 118 150 

16 2.5 30 118 150 

The aim of this research was to fabricate a resin based composite material using three 

components: Al2O3 ultrafine nanoparticles, epoxy resin/poly-epoxide, and metal wire. Table 3 

outlines the specific factors and properties used for these items. Only one of the key disputes 

faced during this research was ensuring an even quantity distribution within the composite. To 



Radius: Journal of Science and Technology 3(1) (2026) 261001               Kumari et al. 

6 Scholarly Publication 
 

address this issue, a fixed total weight of 150 grams was established for each composite sample. 

The individual weights of the various components used in the composite are provided in Table 

4. 

2.4 DOE-Taguchi Method 

The Taguchi method was applied to create an experimental matrix for a study on the 

mechanical and wear behavior of composites. Four levels of each variable were chosen and the 

L-16 orthogonal array and MINITAB-18 statistical program [36, 37] were employed. The 

results were evaluated using the signal-to-noise ratio and the smaller-is-better quality measure 

was taken into evaluation for the study of Al2O3 and MW-reinforced composites. The final 

experiment result was presented in Table 5. 

𝑆
𝑁⁄ = −10 log

1

𝑛
(∑ 𝑦𝑖

2𝑛
𝑖=1 )     (1) 

Where S/N shows the ratio of the signal to noise ratio (dB) of the response parameters, n is the 

experiment repetition for more precise results, y represents the response data for ith experiment 

run (i). 

Table 5: Experiment design by Taguchi method using L-16 orthogonal array 

Run Order 
A B C D 

Al2O3 MW Length Load (kg) Speed (RPM) 

1 1 10 1 300 

2 1 20 1.5 350 

3 1 30 2 400 

4 1 40 2.5 450 

5 1.5 10 1.5 400 

6 1.5 20 1 450 

7 1.5 30 2.5 300 

8 1.5 40 2 350 

9 2 10 2 450 

10 2 20 2.5 400 

11 2 30 1 350 

12 2 40 1.5 300 

13 2.5 10 2.5 350 

14 2.5 20 2 300 

15 2.5 30 1.5 450 

16 2.5 40 1 400 

3. Result and Discussion 

3.1 Micro Structure Investigation 

The SEM image examination of the composite material disclose a combination of epoxy resin, 

Al2O3 nanoparticles, and metal wire reinforcement. This examination demonstrates the 

dispersal and band of the various components within the composite. The presence of 

nanoparticles and metal wire reinforcement recommend an improvement in the mechanical 

characteristics and strength of the composite. Additionally, the use of epoxy resin as a matrix 

material provides good adhesion and preservation to the reinforcement. Figure 2 displays the 
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SEM image examination of the neat composite made with epoxy resin earlier to tensile strength 

testing. 

  
(a) Neat Epoxy SEM images for different samples 

  
(b) Neat Epoxy SEM images for different samples after tensile testing fracture 

Figure 2: SEM images of Neat Composite made by ER and processed by software ImageJ [38] 

3.2 Specific Wear Investigation 

The investigation of the sliding wear specification of a composite material was performed in 

accordance with the ASTM G-99-17 norms [39]. The composite specimen was applied by 

surface finishing method like polished and cleaned, then pressed against a steel disc with an 

HRC-65 finish [1]. To examine the sliding wear nature, the normal load was kept in accordance 

with the orthogonal array, and the speed was also regulated accordingly. The wear rate of the 

composite specimen was determined using equation 2. The outcomes of the wear examination 

are elaborated as signal-to-noise ratios and listed in Table 6, where the specific wear rate was 

intended based on the equation provided. 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑊𝑒𝑎𝑟 𝑅𝑎𝑡𝑒 =
∆𝑚

𝜌𝑐𝑜𝑚.𝑠𝑝𝑒𝑒𝑑.𝑇𝑖𝑚𝑒.𝐹𝑙𝑜𝑎𝑑
   (2) 
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Table 6: Specific Wear rate analysis of composite L-16 experiment. A: Wt% of Al2O3, B: 

Metal Wire Length, C: Load, D: Rotation Speed 

Run 

Order 
A B C D 

Specific Wear Rate 

(mm3/N·m) 
S/N Ratio 

1 1 10 1 300 2.46 -7.8187 

2 1 20 1.5 350 2.58 -8.2324 

3 1 30 2 400 3.27 -10.2910 

4 1 40 2.5 450 3.46 -10.7815 

5 1.5 10 1.5 400 2.69  -8.5950 

6 1.5 20 1 450 3.05  -9.6860 

7 1.5 30 2.5 300 2.25  -7.0437 

8 1.5 40 2 350 2.55  -8.1308 

9 2 10 2 450 2.55  -8.1308 

10 2 20 2.5 400 2.51  -7.9935 

11 2 30 1 350 1.87  -5.4368 

12 2 40 1.5 300 1.66  -4.4022 

13 2.5 10 2.5 350 1.81  -5.1536 

14 2.5 20 2 300 1.72  -4.7106 

15 2.5 30 1.5 450 1.81  -5.1536 

16 2.5 40 1 400 1.72  -4.7106 

The main effect plots for all controlling factors are shown in Figure 3.  

 
Figure 3: Signal to noise ratio analysis of specific wear rate (Smaller is better) 

The signal-to-noise ratio (SNR) gives precious insight into the impact of control elements such 

as the weight percentage of Al2O3, metal wire length, load, and speed on the sp. wear rate. The 

importance of each control element can be understood by examining the difference between 

the maximum and minimum means of SNR. The greater the difference between the means, the 

more dominant the control element tends to be [40]. Table 7 outlines the effect of numerous 

control factors on wear rate.  
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According to the ranking, the weight percentage of Al2O3 ultrafine nano particles has the 

greatest impression on the wear of composites, while metal wire has the minimum impact. 

Rotation speed of the disk is the second most valuable characteristic affecting wear rate. 

Table 7: Specific Wear rate analysis of composite L-16 experiment. A: Wt% of Al2O3, B: 

Metal Wire Length, C: Load, D: Rotation Speed 

Level A B C D 

1 -9.281 -7.425 -6.913 -5.994 

2 -8.364 -7.656 -6.596 -6.738 

3 -6.491 -6.981 -7.816 -7.898 

4 -4.932 -7.006 -7.743 -8.438 

Delta 4.349 0.674 1.220 2.444 

Rank 1 4 3 2 

The main effect plots for all controlling factors are shown in Figure 4. 

 
Figure 4: Mean analysis of specific wear rate 

The specific wear rate analysis of the L-16 experimental design shows that factor A (Wt% of 

Al2O3) has the highest significant influence on wear behavior, as evidenced by the highest delta 

value (4.349) and rank 1. Figure 4, which shows the specific wear rate trends, factor A shows 

a intense decreasing pattern from level 1 to level 4, shows that increasing the Al2O3 content 

significantly reduces the wear rate and enhance wear resistance. Factor D (Rotation Speed) has 

the second highest effect (delta = 2.444), and the figure shows a notable increase in wear rate 

with increasing speed. Factor C (Load) reveal a tolerable influence (delta = 1.220), with tiny 

alteration across levels, while B (Metal Wire Length) shows minimal impact (delta = 0.674) 

with relatively small variation in wear rate. Overall, organized results and Figure 4 confirm 

that reinforcement content is the governing factor controlling specific wear rate. 

3.3 Enhancement of Specific Wear Rate using ANN 

The research explains the study on the properties of composite materials fabricate of epoxy 

with nano particle Al2O3 and reinforced by metal wire. The study employs a design of 
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experiments (DOE) approach and uses simulation techniques to enhance the composite 

material properties. The research focuses on the use of artificial neural networks (ANNs) and 

compares the presentation of three different activation functions. The activation functions 

considered in the study are sigmoid, hyperbolic tangent, and rectified linear unit (ReLU). The 

outcomes of the research explained that the ANN models using ReLU activation function 

outperformed the models using sigmoid and hyperbolic tangent activation functions in terms 

of prediction accuracy and robustness. The results suggest that ReLU activation functions are 

well suited for modeling complex relationships in composite materials, such as those present 

in the epoxy with ultrafine nano particle Al2O3 and reinforced by metal wire composite. The 

research provides valuable insights into the enhancement of composite materials using 

simulation-based regression approaches and demonstrates the potential of ANNs as a predictive 

tool for material science applications. The neural network-based regression selected for the 

present research paper was shown in Table 8 for three activation functions selected.  

Table 8: Neural Network Regression for different Activation Functions 

S. 

No. 
AF HL Nodes 

N 

(Train) 

N 

(Validation) 

N 

(test) 

MSE 

Validatio

n 

MSE 

Test 

1 
Logistic 

Sigmoid 
8 39 10 3 3 0.869 1.642 

2 
hyperbolic 

tangent 
3 23 10 3 3 0.126 2.194 

3 ReLU 7 36 10 3 3 0.195 0.562 

In this research the regression-based enhancement was performed using Neutral network-based 

simulation techniques. In this research it was shown that in mechanical based study the number 

of test data was limited, so it was important to check the accuracy level of simulation methods 

in this type of conditions. So, in present study three different most common activation functions 

was used for compare with each other and the compression-based outcomes was present in 

Tables 8 and 9.  

Table 9: Neural Network Regression Evaluation Metrics 

Description Logistic Sigmoid hyperbolic tangent ReLU 

MSE 1.642 2.194 0.562 

RMSE 1.281 1.481 0.75 

MAE/MAD 1.065 1.466 0.671 

MAPE 76.39% 283.84% 79.97% 

R2 0.997 0.647 0.713 

The network structure selected for the present study was shown in Figure 5 for all three cases 

selected for the ML modeling.  
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Figure 5: Network Structure Plot for ANN regression modeling in present research 

ReLU is a common activation function used in deep learning. It has earned popularity due to 

its simplicity and effectiveness in giving better results compared to other activation functions 

such as the logistic sigmoid and hyperbolic tangent. ReLU is a piecewise linear function that 

returns the input if it is positive and 0 if it is negative. This makes it computationally efficient 

and helps to keep away the vanishing gradient problem that is present in the sigmoid and tanh 

(hyperbolic tangent) activation functions. Moreover, ReLU has been shown to converge faster 

in deep neural networks than other activation functions, leading to faster training times and 

improved precision. Overall, ReLU's simplicity, efficiency, and improved performance have 

made it a popular choice for deep learning models. 

4. Conclusion 

This paper investigates the mechanical characteristics of a reinforced material that consists of 

aluminum oxide metal nanoparticles, epoxy, and metal wire reinforcement. The study suggests 

that the optimal Al2O3 nanoparticles weight percentage should be within the range of 0 to 5%, 

and SEM is used to measure the grain size of the Al2O3 ultrafine nanoparticles. The research 

also tests the tensile strength and elasticity of the Al2O3 nanoparticle and metal mesh wire, 

disclosing that the use of 1 mm wire in the composite produces an augmented tensile strength 

compared to the nanoparticles only composite. The introduction of nanoparticles significantly 

improves the tensile strength, elasticity and toughness particularly when combined with metal 

wire reinforcement. The use of simulation allows for the prediction of the composite's tensile 

strength, with a mean absolute error of 5% for the training set and 10% for the test set. This 

research shows the future scope and potential of machine learning in the design of hybrid resin 

based composite materials. 
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The fabrication method of the epoxy resin composites exploits the hand lay-up technique, 

which show beyond doubt to be highly productive and successful. However, the process needs 

highly skilled engineers and is therefore challenging, and the Taguchi method was used to 

construct the experiment results for the composite's work parts. The results indicated that the 

weight % of Al2O3 nano particle had play the most significant role on wear, while the effect of 

metal wire on wear rate was minimum. Additionally, the rotational speed of the disk was found 

to be the second most notable factor affecting wear rate. 

On the whole, this research focusses on the potential of fabrication metal nanoparticles and 

metal wire reinforcement in the progress of hybrid resin based composite materials. The results 

shown the importance of optimizing the volume ratio of Al2O3 nanoparticles and the impact of 

reinforcement/doping on the mechanical characteristics of the resin based composite material. 

The use of simulation to predict mechanical properties offers a valuable tool for improve the 

composite design and optimization. 
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