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Abstract. Aluminum alloys are lightweight, castable, machinable, and have good mechanical 

and physical properties. Aluminum alloys are used in aerospace, automotive, defense, and 

structural sectors because of their promising qualities. This work examined how stirring speed, 

preheating temperature, and particle size affect the mechanical characteristics of stir-cast 

hybrid aluminum nanocomposites supplemented with GNPs and CeO2 at 0–3 wt. %. The 

microstructural investigation was done using SEM. EDAX confirmed components in 

nanocomposite samples. Increased reinforcing percentage improved physical and mechanical 

properties. The (3 % GNPs and 3 % CeO2) hybrid nanocomposites have 1.06 % porosity. The 

highest hardness, tensile strength, and yield strength were 104.3, 347.01, and 215.13 MPa. 

SEM micrographs indicated that hybrid composite samples had a more uniform distribution of 

reinforcements and defects-free morphology. 
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Introduction 

The aerospace and automotive sectors, in particular, have expanded their need for sophisticated 

materials in recent years.  In this case, you need a specially formulated combination of materials 

exhibiting novel and advanced characteristics. [1]. Advanced composite materials can satisfy 

these requirements. Currently, hybrid composites are being replaced by traditional composites. 

Hybrid composites have considerable potential in engineering applications owing to their 

enhanced reliability and performance [2]. The combination of two or more different 

constituents has distinct physical and chemical characteristics at the microscopic level and 

possesses better characteristics than the base material, which is termed a hybrid composite 

material. The hybrid composite has excellent strength-to-weight ratio, stiffness, wear 

resistance, and corrosion resistance [3–5]. As we are very much aware of the fact that the 

accessibility of aluminum in Earth’s crust is abundant, it is also the second prime metal in the 

core. Since 1990, aluminum and alloys have been traditionally employed in all engineering 

sectors, including aerospace, marine, automotive, and structural sectors. Metal matrix 

composites (MMC) are also made from aluminum by adding very small quantities of 

reinforcement [6]. Aluminum or aluminum alloys are combined with two or more reinforcing 

particulates in varying ratios to create hybrid aluminum metal matrix composites (HAMMC). 

If the reinforcements are nanoparticles, they are termed as nanocomposites. Stir-Cast Hybrid 

aluminum nanocomposites (HAlMNCs) are popular in various industries because of their 

enhanced customized mechanical and tribological properties. HAlMNCs also provide a 
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versatile, attractive, and technological platform for value-added applications such as lithium-

ion batteries, superconductors, lightweight structures, and photovoltaic cells [7]. William 

Hume-Rothery, a metallurgist scientist, described the solubility limits of elements in metals. 

The enhancement of the characteristics of hybrid nanocomposite materials is greatly dependent 

on the selection of reinforcements and their distribution throughout the matrix material [8]. A 

wide range of ceramic and non-ceramic nano-particulates is available for use as reinforcements. 

Carbon nanotubes, alumina, titanium boride, and silicon carbide have been used as 

reinforcements [9]. The next most significant factor is the selection of suitable fabrication 

techniques. The inherent process capability and process-oriented defects are the limitations of 

traditional casting methods. The overall quality of the fabricated material is also affected by 

these traditional casting processes. Shrinkage, blow-holes, and dendritic structures are  casting 

defects that affect the mechanical properties of the casted components [10]. To avoid such 

defects and problems during casting, advanced casting techniques can be used, such as stir 

casting, friction-stir processing, spray decomposition, and powder metallurgy. The stir casting 

technique is highly effective in achieving uniform dispersion and strong bonding of 

reinforcement particles [11]. In this study, nano-powder of graphene and ceria were used as 

reinforcements owing to their high melting temperatures and low densities, respectively. 

nanoparticles were also found to enhance the characteristics of the hybrid nanocomposite 

material. Al-6061 is used as a matrix material because it is lightweight, low-density, has a low 

melting point, and is applicable in tripartite and quadruple engineering applications. In the 

course of this investigation, measurements were taken to determine density, porosity, hardness, 

and tensile strength. The microstructural behavior was also studied to validate the enhancement 

of the aforementioned properties. 

 

Materials 

Matrix material. The matrix used was Al-6061 alloy, and with purity of 98.0 %.  

A spectrophotometer was used in order to discover the precise chemical components of  

the Al-6061 alloy, and the alloy contained the following elements and percentages: Si (0.51 %), 

Fe (0.257 %), Cu (0.219 %), Mn (0.043 %), Zn (0.094 %), Mg (0.797 %), Ni (0.001 %),  

Cr (0.157 %), Ti (0.027 %), and Al (balance).  

 Reinforcement materials. GNPs (graphene nanoplatelets) and CeO2 (cerium 

oxide/ceria). The purity of the CeO2 powder was 99.5% and the mean particle size was 3-6 nm. 

The melting temperature of CeO2 was 3670 °C, and its density was 7.2 g/cm3. The purity of 

GNPs was 99.9 % and the mean particle size was 24-28 nm. The melting temperature of GNPs 

was 2400 °C, and their density was 2.3 g/cm3. The nano-reinforcement particulates were in the 

range 0–3 wt. % to prepare the test specimens.  

 

Fabrication method  

Stir-casting procedure. Hybrid aluminum composite specimens were fabricated using a stir-

casting approach, as outlined in the flow diagram (Fig. 1). The electric furnace of the stir-casting 

machine was superheated at 800 °C and then AA-6061 was added to the electric furnace. Next, 

graphene and cerium oxide nanoparticles wrapped in aluminum foil were added to the electric 

furnace. The nano-reinforcements were already preheated at 300 °C for half an hour. This 

preheating operation was performed to limit the amount of moisture and absorbed gases in the 

reinforcements, as well as to minimize the temperature differential caused by the addition of 

particles to the molten metal after it had already been heated. It also reduces the temperature 

difference of the molten metal after the addition of particulates. 
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Fig. 1. Flow diagram stir casting methods for fabrication of HAlMNCs 

 

Hexachloroethane (CCl6) tablets were used to degases the molten metal. A temperature 

of 750 °C was maintained, with adequate viscosity. An appropriate vortex was created using a 

diamond-coated impeller by stirring at 350 rpm for 15 minutes. The high stirring speed created 

a powerful vortex in molten metal, which mixed the nano-reinforcement particles uniformly. 

This was performed to ensure that the nano-reinforcements were mixed evenly in the base 

material, which is essential for achieving the desired properties of the produced composites. 

The addition of 2 % of magnesium was performed to enhance the wettability of the 

reinforcement particulates. A stirring speed of 100 rpm was maintained for the next 15 min, 

followed by a decrease to 80 rpm for the next 5 min to ensure uniform mixing of the particulates. 

In the end, the liquid metal was poured into the mould, and then it was left to cool and harden 

at normal temperature. Four specimens with different compositions were prepared by the stir-

casting method, as listed in Table 1. 

 

Table 1. Fabricated sample’s nomenclature 
Sample Nomenclature Composition 

1 HAlMNC1 100 % Al-6061 + (0 % CeO2 + 0 % GNPs) 

2 HAlMNC2 96 % Al-6061 + (3 % CeO2 + 1 % GNPs) 

3 HAlMNC3 96 % Al-6061 + (1 % CeO2 + 3 % GNPs) 

4 HAlMNC4 94 % Al-6061 + (3 % CeO2 + 3 % GNPs) 
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Characterization techniques 

The developed HAlMNCs sub-surface was observed using field-emission scanning electron 

microscopy (FESEM). Examination of the fabricated HAlMNCs revealed the dispersion nature 

of the reinforcement in the matrix material. The mixture's experimental density was measured 

using Archimedes' rule and ASTM B 962-13. The mixing rule was utilized to compute theoretical 

density. The predicted and experimental densities were used to determine the mixture's porosity. 

The theoretical density of the hybrid composite can be derived as Eq. (1) [12]: 

𝜌𝐻𝐴𝑙𝑀𝑁𝐶𝑠 = 𝜌𝐴𝑙‑6061 𝑊𝐴𝑙‑6061  + 𝜌𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒  𝑊𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒 + 𝜌𝐶𝑒𝑟𝑖𝑎 𝑊𝐶𝑒𝑟𝑖𝑎. (1) 

Relative densification (%) can be derived from Eq. (2) [13]: 

Relative densification (%) = (
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
 ×  100). (2) 

The porosity (%) of the specimens was calculated using Eq. (3) [14]:          

Porosity (%) = (1 −
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑛𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛

100
). (3) 

Before putting the test specimens through the Vickers hardness tester, they were 

rigorously wiped and buffed. On each of the 10 places, a load of 200 g was applied for a period 

of 20 seconds during the dwell time, after which the average was taken and noted. The tensile 

and yield strengths were determined based on the Vickers hardness values in MPa by applying 

Cahoon’s Eqs. 4 and 5, which were recommended and suggested by Cahoon et al. [15] and 

acknowledged by various researchers [16–18]. 

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ (MPa) =  
𝑉𝐻𝑁

2.9
 ×  (

𝑚

0.217
)

𝑚

, (4) 

𝑌𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ (MPa) =  
𝑉𝐻𝑁

3
 ×  0.1𝑚, (5) 

where VHN and m are the Vickers hardness (MPa) and the strain-hardening exponent, 

respectively. In this study, m was set to 0.02, which should be less than unity, as reported by 

Callister and Rethwisch [19]. 

 

Results and Discussions 

Physical properties. Figure 2 shows a graphical representation of the theoretical and 

experimental densities of the HAlMNCs samples. The analysis showed the dense nature of the 

stir-cast HAlMNCs owing to their high theoretical densities compared to the experimental 

densities. To calculate the theoretical densities of different HAlMNCs samples, Equation (1) 

was used, and the values after calculations are as follows. 

 

Table 2. Densities of HAlMNCs samples 
Samples / Nomenclature Theoretical densities, g/cm3 Experimental density, g/cm3 

HAlMNC1 2.71 2.68 

HAlMNC2 2.78 2.76 

HAlMNC3 2.68 2.67 

HAlMNC4 2.88 2.87 

 

Table 3. Densification and porosities of HAlMNCs samples 
Samples / Nomenclature Relative densification, % Porosity, % 

HAlMNC1 98.89 1.11 

HAlMNC2 99.05 0.95 

HAlMNC3 99.32 0.68 

HAlMNC4 99.42 0.58 

 

A graphical representation of the physical properties, such as the experimental and 

theoretical densities in Table 2 and the densifications and porosities are presented in Table 3. 

The densities increased linearly with an increase in the nano-reinforcements, as shown in Fig. 2.  
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Fig. 2. Physical properties of stir-casted HAlMNCs samples 

 

 
 

Fig. 3. Plot of relative densification vs density 

 

Figure 3 illustrates relative densification (%) and porosity (%) of developed HAlMNCs 

samples. The theoretical data (Table 2) revealed certain decrement in porosity and increment in 

densification as nano-reinforcement wt. % increased. Both physical characteristics are 

inversely proportional in nature. The hybrid composite's relative densification increased when 

CeO2 and GNP weight percentages increased. The uniform dispersion of both nano-

reinforcements could be the reason for the decrease in the porosity. A decrease of 69.5 % in 

porosity was observed in HAlMNC4 sample compared to HAlMNC1. The effect on the porosity 

was observed with the addition of CeO2 to Al6061-SiC-Al2O3 using a stir-casting route. 

Furthermore, the porosity decreases with increasing CeO2 content (0.5, 1.5, and 2.5 wt. %) in 

the hybrid composites [20]. MMCs made of A356-15 % ZrO2 were produced by Abdizadeh et 

al. using a stir casting process at 750 °C. Within the same composition of the MMCs, an 

increase of 10 % in density and a hardness increase of 52 % were also found [21]. Leo et. al. 

prepared Al-8090/2 % SiC/x % B4C hybrid composites, where x = 2, 4, and 6 %, using the stir 

casting method. The results showed a decrease in density with the reinforcement percentage in 

the HMMCs. The 2.53 g/cm3 actual density was observed in as-casted Al-8090 alloy and lowest 

density 2.51 g/cm3  was found in  Al-8090 /6 % B4C/2 % SiC specimen [22]. Similarly, Tamuly 

et al. observed that an increase in the weight percentage increases the density of the fabricated 
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material owing to grain refinement after the fabrication of a cast aluminum composite [23]. 

Stir-cast AMCs strengthened with SiC and Mo were prepared by Kumar et al. The findings 

showed that the AMCs samples with a higher volume percentage of reinforcements had higher 

densities. [24]. The current study strictly followed the trends of previous studies, and the 

porosity values were within the acceptable range. The relative densification (ratio of theoretical 

to experimental density) increased with increasing reinforcement wt. %. This can be attributed 

to an enhancement in the wettability of the HAlMNCs as the reinforcement weight percentage 

increased in the matrix material, which was the result of  proper dispersion of the reinforcement 

particles in the base alloy [25].  

 Mechanical properties. The microhardness, tensile strength, and yield strength of the 

test specimens are presented in Fig. 4. An increase of 53.85 % (from 53 to 80 VHN) was 

recorded when Al-6061 was reinforced with 3GNPs and 1CeO2. Further, 86.35 and 100.58 % 

increment was observed as compared to base alloy with addition of (3CeO2 + 1 GNPs) and 

(3GNPs + 3CeO2) wt. % reinforcement to matrix material. An enrichment in hardness values 

was observed with reference to previous findings. Prakash et al. stirred a composite of Al-6061 

alloy reinforced with multi-walled CNTs with various wt. %. The increment of 18.6, 11.93, and 

66.6 % in hardness, tensile, and impact strength, respectively, in the MMCs by 1.5 wt. % 

addition of MWCNTs. The proper distribution of MWCNTs particles in the Al-6061 alloy 

matrix was also determined through microstructural investigation [26]. Vipin Kumar Sharma 

et al. [27] observed the effect of cerium oxide (CeO2) on hybrid composites. The 2.5 wt. % of 

CeO2 gives the optimum values for mechanical properties like; hardness increased by 17.02 %, 

tensile strength increased with 80 and 78 % increment gain in flexural strength of fabricated 

hybrid composite. The wear behavior was also observed to enhanced by 87.28 % with the same 

composition in  fabricated hybrid composite [27]. Table 5 presents the theoretical mechanical 

properties of the fabricated HAlMNCs samples. 

 

 
Fig. 4. Theoretical mechanical properties of HAlMNCs samples 

 

Table 5. Mechanical properties of HAlMNCs samples 
Sample Number Hardness, VHN Tensile Strength, MPa Yield Strength, MPa 

HAlMNC1 52.00 173.00 107.26 

HAlMNC2 80.00 266.16 165.01 

HAlMNC3 96.90 322.39 199.87 

HAlMNC4 119.60 397.90 246.68 

 

The highest tensile strength (347.01 MPa in the HAlMNC4 specimen. The HAlMNC1 

specimen exhibited the lowest tensile strength (173 MPa). The contribution of various stir-casting 

parameters enhanced the tensile strength. Senthil Kumar et al. [28] cast A356 alloy/6 % TiB2 
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MMCs at various temperatures. Three levels of pouring temperature were chosen: 750, 780, and 

810 °C. The effect on hardness was observed at these pouring temperatures. It has been noted that 

hardness increases linearly with increasing pouring temperature [28].  

Shayan et al. [29] examined the effects of TiO2 as a reinforcement particle in a molten 

matrix AA2024. According to the research conducted, ductility in terms of elongation increased 

by 163 % and hardness increased by 25 % compared to base alloys. A 28 % increase was 

observed in ultimate tensile strength, and 4 % growth was seen in modulus of elasticity when 

compared to matrix alloys [29]. Gireesh et al. [30] fabricated the stir-cast HAMMC reinforced 

with SiC and Al2O3 particulates at a constant weight fraction (5 %). The aim of this study was to 

improve the hardness and strength of the fabricated Al-6061/SiC/ Al2O3 HAMMCs. A 10 % 

increase was observed in hardness, 15 % improvement in terms of tensile strength, and 6 % 

growth was seen in yield strength of the produced HAMMCs [30]. Amouri et al. [31] also reported 

that the tensile and compressive strengths were enhanced in a composite material with 1.5 wt. % 

of nano SiC particles to the A356 aluminum alloy fabricated through stir casting method. The 

tensile strength of 232 MPa was achieved with stir-cast MMCs of A356-15 % ZrO2 composites 

produced at 750 °C. An increment of 10 and 52 % in density and hardness was also observed for 

the same composition of the MMCs [21]. HAlMNC4 specimen exhibited a maximum yield 

strength of 215.13 MPa, which was 100.57 % that of Al-6061 alloy (107.26 MPa). The present 

study attributes uniform dispersion to the enhancement of mechanical characteristics.  

 Microstructure analysis. SEM and EDAX micrographs of the stir-cast HAlMNCs samples 

are shown in Fig. 5. Four regions were observed in the SEM images:  Grey represented the Al-6061 

alloy, white represented CeO2, and black represented GNPs in the SEM images, respectively. 

Finally, the porosity of the HAlMNCs sample is represented by darker shades of grey.  

 

 
Fig. 5. Specimens SEM Images: (a) HAlMNC2; (b) HAlMNC4;  

(c) HAlMNC4 EDAX spectrum, and (d) HAlMNC4 EDAX with element wt. % 

A change in the microstructural behavior was observed owing to the addition of the nano-

reinforcements. A uniform dispersion and defect-free morphology can be observed in the 

HAlMNCs specimens compared with the base material. EDAX analysis verified the 

incorporation of nano reinforcement particles into the hybrid composite with the inclusion of 
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Mg for enhanced wettability. Hexa-chloro-ethane tablets were also used to avoid the harmful 

reactions observed in the HAlMNCs specimens. Strong contact between the matrix material 

and reinforcements improves the mechanical characteristics of the manufactured composites, 

as was also observed in previous investigations. Anandaraj et al. [32] utilized a liquid 

metallurgical method to create AA5083-MoO3 composites and investigated their 

characteristics. Molybdenum trioxide (MoO3) has been investigated as a reinforcement to 

improve the performance of metal-matrix composites (MMCs). Composites were prepared by 

incorporating varying amounts of MoO3 into an AA5083 matrix. In this study, we compare 

AA5083 to AA5083 with 4 wt. % MoO3, AA5083 with 8 wt. % MoO3, and AA5083 with 

12 wt. % MoO3. Composites with 12 wt. % MoO3 had the highest tensile strength 

(207 MPa) [32]. Raja et al. [33] produced hybrid aluminum surface composites. Reinforcing 

particles consisting of boron carbide (B4C), silicon carbide (SiC), and calcium carbonate 

(CaCO3) were combined at a 1:1:1 ratio to create a hybrid mixture. The fabrication procedure 

involved three different hybrid reinforcement weight percentages: 5 (T1), 10 (T2), and 15 % 

(T3). Sample T3, with 15 % reinforcement content, outperformed samples T1 and T2 in 

Ultimate Tensile strength (UTS) by 62.63 and 15.17 percent, respectively. However, when 

comparing these samples, T3's Elongation (%) was lower by 38.46 (T1 sample) and 15.38 % 

(T1 sample), respectively. Sample T3 exhibited a more brittle reaction, as evidenced by its 

higher hardness in the stirred zone compared to the other two samples. The microstructural 

investigation verified the presence of reinforcements and their distribution in the stir zone [33]. 

In keeping with these developments, the current study demonstrates that including GNPs and 

CeO2 in the melting process enhances the metal fluidity and, in turn, the mechanical properties 

of the resulting HAlMNCs. The porosity of the manufactured HAlMNCs samples was shown 

to increase inversely with their reinforcement content, as validated by scanning electron 

microscopy [34–36].  

 

Conclusions 

The physical, mechanical, and microstructural characteristics of the fabricated nanocomposite 

were examined, and the following conclusions were drawn. 

1. An aluminum nanocomposite was successfully fabricated and reinforced by the addition of 

GNPs and CeO2 nanoparticles using a stir-casting route. 

2. A hybrid aluminum composite containing GNPs and CeO2 nanoparticles (1–3 wt. %) 

possesses improved physical and mechanical properties compared to as-casted sample. 

3. The experimental and theoretical densities increased with the addition of the reinforcement 

percentages, and the porosity decreased for identical percentages of GNPs and CeO2. The 

density and porosity were inversely proportional to each other. 

4. Vickers hardness, tensile strength, and yield strength were all maximised at 104.3, 352.01, 

and 207.98 MPa, respectively, when reinforcing nanoparticles proportions of 3 % CeO2 and 

3 % GNPs were added to Al-6061 alloy. 

5. The microstructural study confirmed the uniform dispersion and defect-free morphology of 

the hybrid aluminum nanocomposite specimens. No cracks or pores are observed in the 

fabricated nanocomposites. This is because of the refined grain size and the bonding action of 

the reinforcements in the HAlMNCs sample with 3 % GNPs and 3 % CeO2 proportions.  
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