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Abstract 
In the present work hybrid, aluminium oxide (Al2O3) and zirconium tri-aluminide (Al3Zr) reinforced 
2024Al aluminium matrix composites with a network reinforcement architecture were successfully 
fabricated. In order to fabricate the insitu composite, techniques such as ball milling and powder 
metallurgy were used. The reinforcements were in situ synthesized using reaction hot pressing of the 
aluminium and ZrO2 system. The dispersion of the reinforcements in a network fashion contributed to 
the effective strengthening of the 2024Al matrix. The composite with a network microstructure 
showed enhanced compressive properties when compared to the unreinforced Al alloy, ZrO2/2024Al 
composite as well as the (Al3Zr+Al2O3)/2024Al composite with a random dispersion of 
reinforcements. 
 
 
1. Introduction 
 
Discontinuously reinforced aluminium metal matrix composites (AMMCs) have been used widely in 
the fields of aerospace, transportation and power transmission modulus [1]. Particle reinforcements 
such as silicon carbide [2], and Al2O3 [3] for instance, have been widely used because they are 
relatively inexpensive commercial abrasives, that can offer good wear resistance as well as high 
specific stiffness. Furthermore, transition metal tri-aluminides such as Al3Zr and Al3Ti have received 
considerable attention in the past few decades due to their special characteristics, such as low density, 
good thermal conductivity, superior thermal stability, good machinability and easier consolidation [4-
9]. However these trialuminides are brittle at room temperatures resulting in their limited 
applications. 
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In order to fully utilize the potential of brittle reinforcemets in a metal matrix, Huang et al, have 
reported the successful fabrication of composites with network microstructures [10-12]. Moreover, an 
aluminium composite,with a network microstructure, reinforced with Al2O3 and Al3Zr particles has 
also displayed enhanced tensile properties and hardness, when compared to a similar composite with a 
random didtribution of reinforcements[13]. Habibi et al, have reported the fabrication of hierarchical 
magnesium composites using hybrid microwave sintering. The composites consisted of a magnesium 
matrix reinforced with a pure aluminium matrix containing Al2O3 particles of different length scales 
(from micrometer to nanometer size). The network structure of the composite remarkably affected 
the composites tensile properties[14, 15]. 
 
In the past, investigations on the mechanical properties of AMMCs have focused mainly on the 
determination of its tensile characteristics. The performance of these materials under compressive 
loading has received only minor attention, in spite of the fact that these materials have great potential 
in fields such as aviation and automotive components (e.g., for engine pistons), where knowledge of 
the compressive characteristics is essential. In particular, materials with a network structure are being 
used in places where the loading is largely compressive in nature[16]. 
 
The following sections deal with the fabrication of a network structured (Al3Zr+Al2O3)/2024Al 
composite and discusses its compressive properties. Effective comparisons have been made with with 
the monolithic 2024 Al alloy, a ZrO2/2024Al composite and a (Al3Zr+Al2O3)/2024Al composite with a 
random distribution of reinforcements. 
 
 
2. Materials and methods 
 
2.1.  Materials 
 
Spherical 2024 Al powders with an elemental composition (in wt. %) of Cu-4.5, Mg-1.14, Si-0.5, Fe-
0.3, Mn-0.8, Zn-0.1 and the balance Al, as shown in Fig.1(a) were used.The size of the 2024Al 
powders ranged form 50 to 150 µm. ZrO2 powders with an average size of (0.5 -0.8µm), as shown in 
Fig.1(b) was used. 
 

   
 

Figure 1. Raw materials (a)2024Al and (b)ZrO2. 
 
2.2.  Fabrication of composites 
 
The raw materials were blended, in order to get 10 vol.% of reinforcements, according to the reaction 
in Eq.(1) as shown below. 
 

Al+ZrO2  Al3Zr+Al2O3                                                              (1) 
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In order to attain a network microstructure low energy ball milling was used, with a ball to material 
ratio of 5:1,speed of 200 rpm and a milling time of 2 hours. Low energy was used in order to retain the 
sphericity of the 2024Al powders. As a result of using low energy the ZrO2 parties were evenly 
distributed on the surface of the 2024Al powders. For comparison sake, the same powders were also 
milled with high energy - 300 rpm, 10 hours - in order to fabricate a composite with a homogeneous 
microstructure. The milled powders are shown in Fig.2(a) and (b). 
 

 
Figure 2. Ball milled 2024Al and ZrO2 (a) at low energy and (b) high energy 

 
The milled raw materials were transferred to a graphite mould and reaction sintering was carried out. 
The temperature of the furnace was raised to 570˚C and a pressure of 25MPa was applied for 30 
minutes to attain a dense compact. This procedure ensured a good bonding between the 2024Al and 
ZrO2 powders.At this point a ZrO2/2024Al composite was attained. The temperature was then raised to 
850˚C, which is the desired reaction temperature between Al and ZrO2 as in Eq.(1), and held at 60 
minutes to ensure complete reaction to take place. Subsequently, a pressure of 25MPa was reapplied 
during cooling at 600˚C for 30 minutes to effectively compact the reacted components. The composite 
with a homogeneous distribution of reinforcements was also fabricated in this manner. For meaningful 
comparison monolithic 2024Al powders were also sintered at 570˚C under a pressure of 25MPa for 
one hour. The sintering procedures were carried out under a high vacuum of 10-2 Pa and a heating rate 
of 10˚C/min.  
 
2.3.  Microstructural examination and testing 
 
Scanning electron microscopy (SEM, Quanta 200FEG) along with energy-dispersive x-ray 
spectroscopy (EDX) were used to perform microstructural examinations. Compressive tests were 
carried out using an Instron-5569 universal testing machine at a constant crosshead speed of 0.5 
mm/min. Compressive specimens had dimensions of φ 8mm × 12 mm. A total of five samples were 
tested for each material. 
 
 
3. Results and discussion 
 
Fig.3(a) shows the microstructure of the as-sintered 10vol.% composite with a network reinforcement 
architecture. It can be seen that there is a reinforcement rich network of particles surrounding the 
reinforcement lean matrix regions. The reinforcements rich network mainly consists of Al3Zr and 
Al2O3 nano-particles. The Al3Zr particles vary from 5-10µm. It should be noted that the reinforcemt 
particles do not form a impenetrable network, rather the network of particles allows interconnectivity 
of the matrix regions. Thus it can also be said the particles form a quasi-continuous network. Fig 3(b) 
reveals the microstructure of the as-sintered 10 vol. % composite with a network reinforcement 
architecture after compression.It can be clearly seen that there is significant deformation in the matrix  
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regions. However, the network structure of the composite still exists. The matrix regions are elongated 
in the direction perpendicular to the direction of compression. 

 
 

Figure 3. Microstructure of the (Al3Zr+Al2O3)/2024Al network structured composite (a) as-sintered 
and (b) post compression 

 
Fig.4(a) shows the compressive stress-strain curves of the unreinforced 2024Al alloy and the various 
other composites. The compressive strength of the network structured composite is significantly higher 
when compared to the unreinforced 2024Al alloy and the other composites. Fig.4(b) revels the 
compressive yield strength of the unreinforced 2024Al alloy and the composites. It can be clearly 
observed that the compressive yield strength of the composite with the network distribution is higher 
than the other three materials. The increase in strength must be attributed to the network structure 
itself, because both the other composites under comparison, are similar in every other way except for 
this microstructural difference. It is suggested that, as the compressive load increases the skeletal 
network – which consists of a high volume fraction of Al3Zr and Al2O3 particles – bears the load.Once 
the stress reaches a critical level, cracks emerge and progress in the reinforcement particles and the 
matrix until complete failure occurs. 
 

 
Figure 4 Compressive porpoerties of the unreinforced 2024Al alloy, 10 vol.% ZrO2/Al, as-sintered 
(Al3Zr+Al2O3)/2024Al homogeneous and network structured composite (a) stress-strain cureves and 

(b) compressive yield strength 
 
Fig.5 shows the failure profile of the (Al3Zr+Al2O3)/2024Al network structured composite. The plastic 
deformation of matrix is effectively obstructed by the stronger reinforcement network, which is 
beneficial to the comoressive yield strength of the composite. It can be noticed that as the loading is 
increased, cracks originate in the reinforcement particles and follow along the network, indicating that 
the network of particles absorb most of the compressive energy. Additionally, in the homogeneous 
composite(with a random dispersion of reinforcements) the crack probably follows a straight path, 
propogating through the regions containing agglomerated Al3Zr particles.This form of failure has been 
widely documented in AMMCs with a random dispersion of reinforcements. 
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Figure 5 Compressive failure profile of  the (Al3Zr+Al2O3)/2024Al network structured composite 
 
Fig.5 shows a photograph of the post compression profile of the monolithic 2024Al alloy, the 
composite with a homogeneous distribution and the network structured composite. As it can be seen, 
the network structured composite shows a uniform barreling profile, indicating the uniform 
deformation of the composite. However, in the homogeneous composite the barreling effect is not 
uniform revealing the inferior ductility of the composite. Moreover, multiple intersecting crack lines 
also indicate that failure of these composite originate at different points, leaving a badly damamged 
surdace.Hence in can be said that the network structure also plays a crucial role in determining the 
mode of failure in the composite. 
 

 
 

Figure 6 Photographs of samples after compression test (a) Unreinforced 2024Al alloy (b) 10 vol.% 
homogeneous composite and (c) 10 vol.% network structured composite. 

 
 

Conclusions 
 
10 vol.% (Al3Zr+Al2O3)/2024Al composites with a network distribution and random distribution of 
reinforcements were successfully fabricated using ball milling and reactive hot pressing. The 
composite with a network reinforcement architecture demonstrated superior compressive yield 
strength when compared to the monolothic 2024Al alloy, ZrO2/2024Al composite, and the 
(Al3Zr+Al2O3)/2024Al composite with a random dispersion of reinforcemets. The network structure in 
the composite played a key role in determining the failure mode of the (Al3Zr+Al2O3)/2024Al 
composite. 
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