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ABSTRACT 

In order to investigate the effect of nano-alumina on the microstructure and mechanical properties of 

Al/nanoAl2O3 composite, an innovative method was used in stir casting to avoid agglomeration and 

segregation of particles. Different volume fraction of nano-alumina particles were incorporated into the 

aluminum A356 alloy by a mechanical stirrer and cylindrical specimens at different temperatures were 

cast and tested. The microstructural characterization of the composite samples showed uniform 

distribution of reinforcement, grain refinement of aluminum matrix, and presence of the minimal 

porosity. The effects of Al2O3 particle content and casting temperature on the mechanical properties of 

the composites were investigated. Based on experiments, it was revealed that the presence of nanoAl2O3 

reinforcement led to significant improvement in hardness, UTS and ductility. This combination of 

enhancement in UTS and ductility exhibited by nanoAl2O3 reinforced aluminum is due to uniform 

distribution of reinforcement and grain refinement of aluminum matrix. 
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1. INTRODUCTION 

Metal matrix composites (MMCs) represent a new generation of engineering materials 

in which a strong ceramic reinforcement is incorporated into a metal matrix to improve 

its properties including specific strength, specific stiffness, wear resistance, corrosion 

resistance and elastic modulus [1,2]. The particle-reinforced aluminum alloy composites 

which are among the most widely used composites materials, found to be potential 

materials because of their excellent physical, mechanical and tribological properties and 

also because of good combination of thermal conductivity and dimensional stability 

(low thermal expansion coefficient) [3-13]. The tensile and the compressive 

deformation behaviours of particle reinforced MMCs have been carried out both at 

room temperature and elevated temperatures. It was reported that the strength and the 

stiffness increase with decrease in particle size and increase in volume fraction. But 

there is a greater tendency of agglomeration with decrease in particle size in common 

methods, which again leads to reduction in strength [14, 15]. Normally, micro-ceramic 

particles are used to improve the yield and ultimate tensile strength of the metal. 

However, the ductility of the MMCs deteriorates with high ceramic particle 

concentration [16]. It is of interest to use nano-sized ceramic particles to strengthen the 

metal matrix, while maintaining good ductility, high temperature creep resistance and 

better fatigue [16, 17].  A variety of methods for producing MMCs have recently 

become available, including mechanical alloying [18], ball milling [19], nano-sintering 

[20], etc. For mechanical alloying, it normally involves mechanical mixing of metallic 

and ceramic powders or different metallic powders for fabrication of bulk. Mixing of 

nano-sized ceramic particles is lengthy, expensive, and energy consuming. Compared 

with mechanical alloying, melt processing which involves the stirring of ceramic 

particles into melts, has some important advantages such as better matrix-particle 

bonding, easier control of matrix structure, simplicity, low cost of processing and nearer 



net shape. However, it is extremely difficult for the mechanical stirring method to 

distribute and disperse nano-scale particles uniformly in metal melts due to their large 

surface-to-volume ratio and their low wetability in metal melts, which easily induce 

agglomeration and clustering. In this study, a new method was successfully introduced 

to distribute and disperse nanoparticles into Al alloy melts, thus making the production 

of cast high-performance nano-sized particles reinforced aluminium matrix composite 

promising.  

 

2. EXPERIMENTS 

In this study, 356 aluminium alloy {(wt.%): 7.5 Si, 0.38 Mg, 0.02 Zn, 0.001 Cu, 0.106 

Fe and Al (balance)} was used as the matrix material while the mixture of Al2O3 

(alumina) particles with average particle size of 50 nm and Al particles with average 

size of 16 µm were used as the reinforcements. The powders were mixed in the ratio of 

Al/Al2O3=1.67 and ball milled in isopropyl alcohol for 20 min using WC/CO balls. The 

mixture was then dried in a rotary vacuum evaporator, and passed through a 60 mesh 

screen. The powder mixtures were cold pressed under 200 MPa into samples having 

60×60×60 mm
3
 dimension. The compacted samples were crushed and then passed 

through 60 mesh screen. For manufacturing of the MMCs, 0.75, 1.5, 2.5, 3.5 and 5 vol. 

% Al2O3 particles were used. The required amount of Al2O3 was calculated according to 

the ratio of Al/Al2O3. The metal matrix composites have been produced by using a 

vortex method. Approximately, 450 g of Al-356 alloy was charged into the crucible 

made from graphite and heated up to three temperatures (800, 850, and 950 °C) above 

the alloy liquidus temperature for melting. The graphite stirrer fixed on the mandrel of 

the drilling machine was introduced into the melt and positioned just below the surface 

of the melt. Approximately, 1 g powder mixture was inserted into an aluminium foil by 

forming a packet. The packets were added into molten metal of crucible when the 

vortex was formed at every 20 s. The packet of mixture melted and the particles started 

to distribute around the alloy sample. It was stirred for 15 min at approximately 600 

rev/min speed. Composite slurry was poured into preheated cast iron moulds.  The 

composites were shaped in the form of cylinder of 14 mm outer diameter and height of 

140 mm.  

For microstructure study, specimens were prepared by grinding through 120, 400, 600, 

and 800 grit papers followed by polishing with 6 µm diamond paste and etched with 

Keller's reagent (2 ml HF (48%), 3 ml HCl (conc.), 5 ml HNO3 (conc.) and 190 ml 

water). Microscopic examinations of the composites and matrix alloy were carried out 

using a (CAMSCAN-MV2300 MODEL, OXFORD) scanning electron microscope 

(SEM). Image analysis was carried out to determine the grain size of the material. To 

study the hardness, The Brinell hardness values of the samples were measured on the 

polished samples using a ball with 2.5 mm diameter at a load of 31.25 kg. For each 

sample, 5 hardness readings on randomly selected regions were taken in order to 

eliminate possible segregation effects and get a representative value of the matrix 

material hardness. During hardness measurement, precaution was taken to make 

indentation at a distance of at least twice the diagonal length of the previous indention. 

The tensile tests were used to assess the mechanical behaviour of the composites and 

matrix alloy. The composite and matrix alloy rods were machined to tensile specimens 

according to ASTM.B 557 standard. The load displacement diagram and the load 

displacement data were recorded from the digital display attached with the equipment. 



These load and displacement data were transformed to true stress and true strain data 

using the standard methodology, and ultimate tensile strength values were obtained. 

Each value of ultimate tensile strength is an average of at least three tensile specimens.  

3. RESULTS 

Figure 1 shows the typical SEM micrographs of composites. Figure 1(a) displays the 

existence of some1-2 µm Al2O3 agglomerates in the matrix in low magnification. Figure 

1(b) which is taken by using high magnification, indicates that nano-sized Al2O3 

particles were well distributed and dispersed in the matrix, although some small clusters 

100–300 nm remain in the microstructure. It is believed that strong mechanical bonding 

made between Al and Al2O3  particles by using ball mill and press, helps to disperse 

them more uniformly in the liquid. The Al2O3 agglomerates reveal that the mentioned 

bonding between some particles was weakened during the process. 

 
(a) (b) 

Figure 1: Typical SEM image of nano-composites: (a) Al2O3 agglomerates, (b) nano-

particles dispersion. 

In order to verify and determine the composition of the nano-composite, energy 

dispersion spectrum (EDS analysis) was used. The typical result which is taken from 

Figure 1(b) is shown in Figure 2. Because the detection zone of EDS beam is bigger 

than the average size of Al2O3 particles, the EDS peaks for Al2O3 nanoparicles will 

inevitably include compositional information of Al matrix near particles. However, 

according to the compositional information of matrix, it is evident that Al and O peaks 

correspond only to composition of nanoparticles. 

 

 

 

 



  

 

Figure 2: Typical EDS of nano-composites.  

The variation in hardness with volume fraction for Al/nanoAl2O3 composites are 

summarized in Figure 3. Hardness tests were performed on a Brinell hardness machine. 

For composite materials containing a soft matrix and a hard reinforcing phase, as in the 

case of particle reinforced composites, the selection of the region in the sample for 

evaluating the hardness data is very crucial. In order to obtain the average values of 

hardness, areas predominant in the soft matrix or the hard reinforcing phase should be 

avoided so that the average values of hardness are attained from these measurements. 
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Figure 3: Variation of hardness as a function of vol. % Al2O3 particulates and casting 

temperature. 

It is clear from the graph that the hardness of the composites is higher than that of the 

non-reinforced alloy.  The hardness of the MMCs increases with the volume fraction of 

particulates in the alloy matrix due to the increasing ceramic phase of the matrix alloy 

and also increases with decreasing particle size. A significant improvement in both 

strength and hardness of squeeze cast Al–Si alloy reinforced with alumina and Al alloy 

reinforced with continuous boron fibres has been reported. The introducing alumina into 

the Al matrix resulted in increase in mechanical properties [21,22]. The higher hardness 

of the composites could be attributed to the fact that Al2O3 particles act as obstacles to 

the motion of dislocation. The hardness increment can also be attributed to reduced 

grain size. As shown, hardness increases with the amount of Al2O3 present particles. 



The dispersion of Al2O3 particles enhances the hardness, as particles are harder than Al 

alloy, the material render their inherent property of hardness to the soft matrix [23]. 

The variation of tensile strength as a function of vol. % Al2O3 particulates and casting 

temperature are plotted in figure 4. Assuming perfect bonding and uniform distribution 

of the particles, and no interaction effect between the deformation of the reinforcing 

phase and the matrix, the simplest approach to predict the deformation behaviour of 

composite is through the classical rule of mixtures. But in most of the cases, the strength 

or ductility obtained from the experimental measurements is noted to be considerably 

lower than that of the value obtained from the rule of mixture. This is primarily 

attributed to the existence of thermal mismatch stress generated due to difference in the 

thermal expansion coefficients between the matrix alloy and the reinforcing phase [24, 

25], ineffective load transfer between the phase constituents due to the presence of 

reaction product, relatively weak bonding, the presence of defects in the reinforcements 

and the clustering of the particles, etc. [26-29]. 
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Figure 4: Variation of tensile strength as a function of vol. % Al2O3 particulates and 

casting temperature.  

It is expected that due to the thermal mismatch stress, there is a possibility of increased 

dislocation density within the matrix which might lead to making local stress and also 

increase in strength of the matrix, and thus to the composite. This stress also depends on 

the temperature from which the composite is cooled. Thus, in the case of casting, the 

magnitude of thermal mismatch stress is expected to be considerably higher as in this 

case composite is cooled from its liquid stage. In case of composites, the plastic flow of 

matrix is constrained due to the presence of these rigid and very strong Al2O3 particles. 

The matrix could flow only with the movement of Al2O3 particle or over the particles 

during plastic deformation. While Al2O3 content is significantly higher, the matrix gets 

constrained considerably to the plastic deformation because of smaller inter-particle 

distance and thus results in higher degree of improvement in flow stress. It has been 

understood that the plastic flow of the composite is due to the plastic flow of the matrix. 

The strain-hardening of the composite is primarily due to hardening of the matrix during 

its plastic flow. The strain-hardening of matrix is expected to be influenced by the 

dislocation density and dislocation-to-dislocation interaction and also constraint of 

plastic flow due to resistance offered by Al2O3 particles. The dislocation density in the 



matrix of the composite might be increasing with increase in Al2O3. Similar fact is also 

true for plastic constraint to the matrix due to particle addition. This is the reason of 

increase in UTS with adding Al2O3 content.  It may also be noted that a significant 

amount of dislocation, generated due to the thermal mismatch stress or due to the plastic 

incompatibility, gets neutralized due to the presence of incoherent weak interface 

between the particle and the matrix, and micro-porosities in the matrix. The amount of 

interface area increases with increase in Al2O3 content and the micro-porosities also 

increase with increase in Al2O3 content which might lead to lower flow stress in 

composite. These factors neutralize their effect towards flow stress and thus composite 

containing 5 vol. % Al2O3 exhibits almost the same UTS as that of the 2.5vol%.  

Significant combination of increment in UTS and ductility of monolithic aluminum due 

to presence of nano-Al2O3 as reinforcement (table 1) can primarily be attributed to 

coupled effect of increase in grain boundary area due to grain refinement, the strong 

multidirectional thermal stress at the Al/Al2O3 interface induced by the large difference 

of coefficient of thermal expansion between matrix and reinforcement, and the effective 

transfer of applied tensile load to the uniformly distributed enormous number of well 

bonded strong nano-Al2O3 particulates [30,31]. 

Table 1. Typical results of mechanical properties and grain morphology. 

Materials                                                            Casting at          UTS, MPa                                 Ductility, %            Grain size, µm   

 

Al/1.5Al2O3 without using Al particles             850 oC                126 ±4                                          1.3                          45                               

Al/1.5Al2O3 using Al particles                          850 oC                173±2                                           2.2                          12              
Al/2.5Al2O3 using Al particles                          850 oC                171±2                                           2                             15 

Al/5Al2O3    using Al particles                          850 oC                160±3                                           1.7                          15 

 

6. CONCLUSIONS 

1- Nano-sized Al2O3 particles reinforced aluminum composites were fabricated by stir 

casting with the help of micro-Al particles mixing. Grain refinement, reasonably 

uniform distribution of reinforcement particulates, and the presence of minimal porosity 

in the composite microstructure indicate suitability of processing used in the present 

study. It is suggested from the study of microstructural characterization that, 

nanoparticles are almost uniformly distributed in the matrix, although some small 

clusters still exist in matrix.  

2- EDS analysis indicates that the Al and O elements exist at nanoparticels places. 

3- The hardness, UTS and ductility of nano-Al2O3 reinforced aluminium composites 

improved with the increase in volume fraction of nanoparticles. The maximum hardness 

was observed in composite including 2.5 vol. % Al2O3 and cast at 800°C. 
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