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Abstract 

In this study, ENAC-46000 alloy was reinforced by nano-particles in order to improve its 

mechanical properties. ENAC-46000 alloy-based composites were produced via the stir casting 

method. Three different reinforcement volume fractions, stirring speeds, and stirring temperatures 

were determined to study their effects on the mechanical properties of ENAC-46000 alloy-based 

composites. Brinell hardness test and three-point bending test were applied to determine the 

hardness and the flexural strength of ENAC-46000 alloy and composite samples. The results 

showed that the mechanical properties of the particle reinforced composites were improved due 

to nano-sized reinforcement particles. The hardness and the flexural strength of the composite 

samples increased with the increase in the volume fraction of nano-sized reinforcement particles. 

The mechanical properties of ENAC-46000 alloy declined as the stirring speed was increased. On 

the other hand, the mechanical properties of the composites improved with the increase in stirring 

speed due to uniform reinforcement particle distribution. As the stirring temperature was raised, 

the mechanical properties of the nano-particle reinforced composite samples improved because 

the fluidity of the molten alloy increases due to the increase in stirring temperature. However, 

when the highest values of volume fraction, stirring speed, and stirring temperature were 

simultaneously applied for the production of composite materials, these highest values of the 

investigated parameters resulted in a significant deteriorating influence on the mechanical 

properties of ENAC-46000 alloy-based composites. 
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1. Introduction 

Aluminum alloys are widely used in many applications of manufacturing and technology 

(automotive, aerospace, etc.). Among aluminum alloys, ENAC-46000 consists of aluminum, 

silicon, copper and iron elements, and is preferred in the automotive industry because there are 

some benefits of using this alloy, such as high strength to weight ratio, excellent castability, and 

low cost (Voncina et al., 2017).  

Alloying elements such as silicon, copper, and zinc determine the microstructural properties of 

Al-based alloys, which has a strong influence on the improvement of the mechanical properties 

such as high-temperature strength and tensile properties (Hernandez et al., 2017; Michael et al., 
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2018; Shaji et al., 2013). Moreover, silicon in aluminum alloys increases the fluidity of alloy 

during the casting process. Therefore, transmission parts and components for the automotive 

industry are made of Al-Si-based alloys (Shaji et al., 2013).  

In order to further increase in the mechanical properties of Al-based alloys, micro and nano-sized 

reinforcement particles are added into alloy, which improves thermal performance and wear 

resistance in addition to other mechanical properties such as tensile strength (Huda et al., 2019; 

Karthikeyan et al., 2017; Khalid et al., 2015; Okumus et al., 2012). The tensile strength and the 

wear resistance of Al-based alloys that are reinforced with micro and nano reinforcement 

particles increase as the volume fraction of reinforcement particles increases (Huda et al., 2019; 

Khalid et al., 2015; Kumar et al., 2011; Ugwuoke et al. 2018; Yong et al., 2019). The effect of 

nano-sized reinforcement particles on the microstructure and mechanical properties of particle-

reinforced composites is stronger than that of micro-sized reinforcement particles (Sajjadi et al. 

2011; Harichandran and Selvakumar, 2016). 

In the automotive industry, the parts produced from Al-based alloys are manufactured by several 

production methods. Casting is one of the most preferred production methods because of the low 

cost and simple process to manufacture the parts which are made of Al-based alloys (Otarawanna 

and Dahle, 2011). However, there are some problems with the production of particle-reinforced 

composites via the casting method. The distribution of reinforcement particles is the main 

problem in the production of particle-reinforced composites. The uniform distribution of nano-

sized reinforcement particles in the microstructure is more difficult than that of micro-sized 

reinforcement particles. Therefore, the size and volume fraction of reinforcement particles 

determine the distribution of reinforcement particles, which affects the mechanical properties of 

particle-reinforced composites. Moreover, in the production of particle-reinforced composites via 

the stir casting method, the production parameters such as stirring speed and stirring time are 

influential on the distribution of reinforcement particles (Balasivanandha et al. 2006).  

In this study, ENAC-46000 alloy and ENAC-46000 alloy-based composites reinforced with Al2O3 

particles (Al-Al2O3) were produced by using the stir casting method. The effects of volume 

fraction of nano-sized Al2O3 particles, stirring speed, and stirring temperature on the mechanical 

properties of Al-Al2O3 composites were investigated. 

 

2. Materials and Methods 

ENAC-46000 alloy consisting of aluminum, silicon, copper, and iron elements was used as 

matrix material and nano-sized Al2O3 particle was preferred as the reinforcement particle to 

manufacture the ENAC-46000-Al2O3 (Al-Al2O3) composite samples. Figure 1 shows Al2O3 

reinforcement particles.  

Al-Al2O3 composites were produced via the stir casting method. Three different reinforcement 

volume fractions, stirring speeds, and stirring temperatures were determined to study the effects 

of volume fraction of nano-sized Al2O3 particles, stirring speed, and stirring temperature on the 
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mechanical properties of Al-Al2O3 composites. Al2O3 particles were added into the liquid Al-

based alloy at the volume fractions of 1, 2, and 3%.  

 

 

 

 

 

 

 

 

         

Figure 1. Agglomerated nano Al2O3 reinforcement particles 

The stirring process of molten ENAC-46000 Al-based alloy and Al2O3 particles was carried out 

at the stirring speed of 200, 300, 400 rpm, and at the temperatures of 650, 700, and 750 0C. 

After the stirring process, the molten alloys reinforced with the nano-sized Al2O3 particles were 

injected into the mold to produce cover used in the transmission pump as seen in Figure 2. 

 

 

              (a)                         (b) 

Figure 2. (a) Front and (b) back view of the produced cover 

 

The densities of the produced samples were measured according to the Archimedes’ principle. 

Brinell hardness test was carried out with a 2.5 mm diameter ball indenter and 62.5 kgf load test. 

The three-point bending test was applied to the samples to determine the flexural strengths of 

ENAC-46000 Al alloy and Al-Al2O3 composites. 

 

50 mm 
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3. Results and Discussions 

Figure 3 shows the relative densities of ENAC-46000 Al alloy and Al-Al2O3 composites. The 

relative density of ENAC-46000 Al alloy was higher than those of Al-Al2O3 composites.  

As the volume fraction of Al2O3 reinforcement particles was increased, the relative density 

decreased. Because the clustering probability of nano-sized reinforcement particles increases and 

the clusters of reinforcement particles increase the amount of void and porosity formed in the 

microstructure of the composites (Bindumadhavan PN et al. 2001).  

 

 

Figure 3. Relative densities of ENAC-46000 Al alloy and Al-Al2O3 composites  

manufactured at 700 0C and 300 rpm 

 

The hardness of all Al-Al2O3 composites was higher than that of ENAC-46000 Al alloy for all 

stirring speeds (Figure 4). As expected (Ünal ve Diler, 2018), the hardness of the samples 

increased with the increase in the volume fraction of nano-sized Al2O3 particles because Al2O3 

ceramic particle is much harder than Al alloy. The hardness of ENAC-46000 alloy declined as 

the stirring speed was increased due to the turbulence formation in the molten. On the other hand, 

the hardness values of the composites increased with the increase in stirring speed due to uniform 

reinforcement particle distribution. The stirring speed of 200 rpm was low to obtain uniform 

particle distribution for composite samples. However, with the increase in stirring speed, the 

stirring shear forces decrease and the displacement of particles per unit of time increases, which 

distributes the reinforcement particles more uniformly (Yang et al., 2017). Therefore, the 

hardness of Al-Al2O3 composites improved with the increase in stirring speed.  
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Figure 4. The hardness of ENAC-46000 Al alloy and Al-Al2O3 composites  

depending on stirring speed at 700 0C 

 

 

Figure 5. The hardness of ENAC-46000 Al alloy and Al-Al2O3 composites depending  

on stirring temperature at 300 rpm 

 

The hardness of Al-Al2O3 composites was higher than that of ENAC-46000 Al alloy for all 

stirring temperature (Figure 5). Because the melt becomes more fluid as the stirring temperature 

increases (Heidarzadeh et al., 2014) and more fluid melt can easily fill the porosities and voids in 
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the microstructure and wets better the reinforcement particles. Therefore, the hardness of the Al-

Al2O3 composites increased as the stirring temperature raised. 

Figure 6 shows the flexural strength of ENAC-46000 Al alloy and Al-Al2O3 composites 

depending on stirring speed. The flexural strength of Al-Al2O3 composites was higher than that 

of ENAC-46000 Al alloy. As the stirring speed was increased, the flexural strength improved 

since the uniform distribution of reinforcement particles could be achieved due to the decrease in 

shear force and the increase in the displacement of particles per unit of time (Aqida et al., 2003; 

Sijo and Jayadevan, 2018). On the other hand, the stirring speed of 400 rpm had a detrimental 

effect on the flexural strength for the composite reinforced with vol.3% Al2O3 particles because 

the high stirring speed forms turbulence in the melt, creating new voids and porosities. Both the 

high porosity level forming in the composite with vol.3% Al2O3 particles and the created new 

voids and porosities due to turbulence formation cause weak regions, which can cause early crack 

formation in the microstructure. Both the high clustering probability due to the high volume 

fraction of Al2O3 particles and high porosity formation due to high stirring speed weakened the 

flexural strength of Al-Al2O3 composites in this study. 

 

 

Figure 6. The flexural strength of ENAC-46000 Al alloy and Al-Al2O3 composites depending on 

stirring speed at 700 0C 

The effect of stirring temperature on the flexural strength of ENAC-46000 Al alloy and Al-Al2O3 

composites is shown in Figure 7. The flexural strength of ENAC-46000 Al alloy decreased as the 

stirring temperature increased because the amount of the bubbles formed in the melt raises with 

the increase in stirring temperature. On the other hand, the higher values of stirring temperature 

had a positive influence on the Al-Al2O3 composite. This can be attributed to the decrease in the 

viscosity of the melt (Bihari and Shing, 2017; Dixon et al., 2019). The melt can easily fill the 

voids and porosities in the microstructure as the fluidity of the melt increases. Moreover, the 

nano-sized reinforcement particles are easily wetted by the melt. In this case, strengthening 
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mechanisms are more effective for Al-Al2O3 composites. However, the stirring temperature of 

750 0C had a significant deteriorating effect on the flexural strength for the composite with 

vol.3% Al2O3 particles. This can be attributed to the high porosity level due to the clustering of 

nano Al2O3 reinforcement particles and the increase in undesired chemical reactions formed 

between the melt and reinforcement particles because these undesired chemical reactions can act 

as a source for the crack initiation, which weakened the flexural strength of the composites. 

 

 

Figure 7. The flexural strength of ENAC-46000 Al alloy and Al-Al2O3 composites  

depending on stirring temperature at 300 rpm 

 

As a result of the mentioned above, the mechanical properties of ENAC-46000 Al alloy was 

improved by reinforcing with the nano-sized Al2O3 particles. Also, the stirring speed and stirring 

temperature were effective on the mechanical properties. The increases in the volume fraction of 

nano reinforcement particles, the stirring speed and temperature have positive influences on the 

hardness and the flexural strength of ENAC-46000 Al alloy reinforced with the nano-sized Al2O3 

particles. On the other hand, the highest values of volume fraction, stirring speed and stirring 

temperature on the mechanical properties of ENAC-46000 Al alloy reinforced with the nano-

sized Al2O3 particles. 

 

4. Conclusion 

The following results were obtained in this study: 

Relative densities of all Al-Al2O3 composites were lower than ENAC-46000 Al alloy. As the volume 

fraction of Al2O3 was increased, the relative density decreased due to the clustering of nano 

Al2O3 particles. 
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The hardness values of Al-Al2O3 composites were higher than ENAC-46000 Al alloy. Although 

the porosity increased with the increase in the volume fraction of reinforcement particles, the 

hardness of Al-Al2O3 composites improved because the positive effect of hard Al2O3 particles 

was higher than the negative effect of porosity on the hardness. As the stirring speed was 

increased, the hardness of Al-Al2O3 composites increased because of the decrease in shear force 

and the increase in the displacement of particles per unit of time. Similarly, the hardness of Al-

Al2O3 composites increased with the increase in stirring temperature. 

The flexural strength of Al-Al2O3 composites was higher than ENAC-46000 Al alloy. However, 

the flexural strength started to decrease after the vol.2% Al2O3 particles. Up to 300 rpm, the 

flexural strength improved as the stirring speed was increased. On the other hand, the stirring 

speed of 400 rpm had a negative influence on Al-Al2O3 composite reinforced with vol.3% Al2O3 

particles because the high value of stirring speed caused turbulence in the melt, which increased 

the porosity level of the composite. The negative effect of porosity due to the high volume 

fraction of reinforcement particles had a higher influence than the positive effect of strengthening 

mechanisms of reinforcement particles, which deteriorated the flexural strength of the composite 

having vol.3% Al2O3 particles. The flexural strength of Al-Al2O3 composite improved with the 

increase in stirring temperature. However, the high stirring temperature values had a negative 

influence on the flexural strength of the composites with the high volume fractions of Al2O3 

particles. 
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