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Abstract: Al-5 wt% Al2O3 metal matrix composite (MMC) was synthesized by mechanical alloying technique. The 
effect of milling time (1, 3, 5 and 7 h) and consequently the distribution of Al2O3 through the Al matrix, on the 
properties of the obtained powder composites were studied. X-ray diffraction (XRD) and transmission electron 
microscopy (TEM) were used to investigate their phase composition and morphology.  The powders were cold 
pressed under 10 MPa and sintered in argon atmosphere at different temperatures (300, 370 and 470 oC) for 1 h. The 
relative density and apparent porosity of the sintered samples were determined by Archimedes method, their  
microstructure was investigated by using scanning electron microscopy (SEM) attached with energy dispersive 
spectrometer unit (EDS) and their micro-hardness was conducted by Vickers indentor. The results showed that no 
notification of phase changes during milling, and as the milling time was gradually increased the crystallite size 
decreased, while the internal micro-strain increased. It was found also that the relative density increased with 
increasing milling time and sintering temperature, while the apparent porosity decreased. The micro-hardness of the 
sintered composites increased with increasing milling time.  
[Zawrah MF, Taha MA, Saadallah FA, Mostafa AG, Hassaan MY and Nasr M. Al-5 wt% Al2O3 Metal Matrix 
Composite Prepared by Mechanical Alloying: Effect of Milling Time and Sintering Temperature. Nat Sci 
2015;13(4):132-138]. (ISSN: 1545-0740). http://www.sciencepub.net/nature. 20 
 
Keywords: Mechanical alloying; Metal matrix composite; Metals; Ceramics; XRD; Mechanical properties; 
Microstructure. 
 
1. Introduction 

Recently, metal matrix composites are the 
subject of extensive research and development 
activities, because of their interesting specific 
properties. Most of the recent research concerned 
with aluminum and other light metal matrices for 
applications requiring light weight in combination 
with high strength and stiffness. The conventional 
aluminum alloys are usually used in numerous 
applications, where their excellent strength, ductility 
and corrosion resistant properties are well established 
and they can be modified to fulfill the requirements 
of other new applications. Also, aluminum matrix can 
be reinforced by various types of reinforcements in 
the form of particles, whiskers or short fibers [1, 2]. 
Reinforcing the ductile aluminum matrix with 
stronger and stiffer second-phase (e.g. oxides, 
carbides, borides, and nitrides) provides combined 
properties of both the metallic matrix and the ceramic 
reinforcement components resulting in improved 
physical and mechanical properties [3].  It was found 
that, both uniform distribution of the fine 
reinforcements and the fine grain size of the matrix 
act also to improve the mechanical properties of the 
prepared composites.  Moreover, the mechanical 
properties of the resulting composites tend to be 

improved with increasing volume fraction and 
decreasing particle size of the reinforcements [4, 5]. 

Mechanical alloying (MA) is a simple and 
important technique for attaining a homogeneous 
distribution of the fine particles within a fine grained 
matrix [6. 7]. It is a powder processing method in 
which powder particles can dispraised throughout the 
metal matrix, during a repeated process of cold 
welding, fracturing, and re-welding in a high-energy 
ball mill. The powder particles will be cold welded 
due to the mechanical forces and the repetition of 
work stress hardness the particles. Consequently, the 
powder particles become brittle and fracture. This, in 
turn, produces fresh surfaces, which facilitates further 
cold welding [8]. Since MA is a kind of high energy 
rate milling, thus all the effective milling parameters 
affect directly the obtained composite and hence an 
improvement of the mechanical and physical 
properties of the resulting alloy can be easily 
achieved [9]. 

The main goal of the current work is to 
study the influence of milling time and hence the 
distribution of reinforcement phase (Al2O3) on the 
properties of Al-5 wt% Al2O3 nanocomposite 
powders fabricated by mechanical alloying.  
Moreover, the sintering of the obtained powder nano-
composites is also followed at different sintering 
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temperatures. The physical and mechanical properties 
of the sintered bodies are correlated to the studied 
parameters. 
 
2. Materials and Experimental Procedures  

Highly pure Al (99%) and Al2O3 (98.2%) 
having average particle sizes less than 74 & 1.5 μm 
respectively, were used as starting raw materials to 
prepare Al-5 wt% Al2O3 metal matrix composite.  
Stearic acid was used as process controlling agent to 
prevent agglomeration of the powder mixture during 
milling. 

A planetary ball mill (model: SFM-1 Desk-
Top Planetary Ball Mill) using Al2O3 - ZrO2 balls 
having different diameters (6-20 mm) was used. The 
rotating speed was 500 rpm and the ball-to-powder 
weight ratio was 10:1. 

Phase identification of the milled powders 
was conducted by X-ray diffraction (XRD) analysis 
using “Philips PW 1373” X-ray diffractometer with 
CuKα-Ni filtered radiation. The lattice parameter "a" 
of the obtained phases was calculated for the 
principle planes (111, 200, 220 and 311), from the 
obtained XRD data according to the following 
equation [10]: 

 
                                                                   (1)    

 
 
Where d is the inter planes spacing.  
 

XRD data was also used to determine the 
crystallite size (D) and lattice strain (ε). The 
crystallite size was determined from the peaks 
broadening at half maxium (B) of the diffraction lines 
111, 200, 220 and 311, using Scherrer equation [11, 
12]: 
  
                                                                                 (2)      
 
 
Where; λ is the wave length = 1.54059˚A (Cu-Ni 
radiation), B is the full width at half maximum, θ is 
the angle in radians. 
 Lattice strain (ε) could be also calculated for the 
same diffraction lines applying the following 
equation [13, 14]:  
  
                                                                                 (3) 
 
 

Transmission electron microscope (TEM), 
(model JEOL JEM-1230), operating at 120 kV and 
attached with a charge coupled device (CCD) 
camera, was employed to investigate the morphology 

and particle size of the milled powders after different 
milling times. 

The powder composites were then 
compacted at room temperature into samples of 10 
mm diameter and 4 mm thickness using a hardened 
steel pre-compaction die set, and a hydraulic 
compressor was used for pressing the specimens at 
10 MPa. The compacted samples were sintered at 
three different temperatures (300, 370 and 470oC) in 
argon atmosphere for one hour and heating rate 
8oC/min. 

The relative density (RD) and apparent 
porosity (AP) of the sintered specimens are measured 
according to Archimedes principle and applying the 
following equations,  
 
                                                                                 (4)  
 
                                                                                
                                                                                 (5) 
 
 
Where BD and TD are the bulk and theoretical 
densities, and can be calculated from the equations, 
 
                                                                                and 
 
 
 
Where; Wd is the weight of dry sample, Ws is the 
weight of saturated sample in kerosene, Wi is the 
weight of immersed samples in kerosene and ρ is the 
density of kerosene (0.81 g/cm3). 

The theoretical density (TD) of the 
compacted samples is calculated using the simple 
mixture rule, considering the values of fully dense Al 
and Al2O3 (2.70 and 3.95 g/cm3, respectively). 

Scanning electron microscope (SEM) as 
well as energy dispersive spectroscopy (EDX) 
“Philips XL30” were also used to characterize the 
microstructure and the formed phases of the sintered 
samples. The reinforcement behavior of the resulted 
composites was estimated by micro-hardness 
measurement (Vickers hardness) using ASTM: B933-
09. 1.961N load for 10 sec. applied during measuring 
hardness. The obtained hardness values of the 
investigated materials were calculated as the average 
of 5 readings along the cross sectional surface of the 
specimens. 

 
3. Results and Discussion 
3.1. Effect of milling time on the obtained powder 
composites 
3.1.1. Phase identification 

Fig.s (1&2) show the XRD patterns of the 
as-received pure Al and Al2O3 respectively. These 
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patterns are then compared with the standard patterns 
(card number 88-0826&85-1326) to check the 
present phases [15- 16]. For Al powder, all peaks in 
the pattern could be identified as Al with cubic 
crystal structure, while the XRD pattern of Al2O3 
powder indicated that it belongs to corundum (α-
Al2O3) type with a rhombohedral crystal structure. It 
can be noted also that the diffraction peaks are 
intense and sharp due to their higher crystallinity. 
The crystal sizes of the as-received Al and Al2O3 are 
60.6 and 32.37nm, respectively, while the lattice 
strain is equal to 0.1433 and 0.2629 %, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. XRD pattern of the as-received pure Al. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. XRD pattern of the as-received pure Al2O3 

 

Fig. (3) shows the XRD patterns of the 
mechanically alloyed Al- 5wt% Al2O3 milled at 1, 3, 
5, and 7 h. It is appeared that only two phases of Al 
and Al2O3 are found in the as-milled powders. It is 
observed also that, with the increase of milling time, 
the peaks tend to be broadened [17]. 

The calculated full width at half maximum 
(FWHM) of the XRD patterns for the milled Al-5 
wt% Al2O3 powders showed a gradual increase as the 
milling time was gradually increased, as exhibited in 
Fig. (4). Such increase may be due to severe lattice 
distortion and grain size refinement [18]. 

The relationship between lattice parameters 
and milling time can be seen in Fig. (5)  where, as the  
milling time was increased the lattice parameters 
remain constant, which means that neither oxidation 
of Al nor formation of solid solution between Al and 
Al2O3 has been formed.  

The crystallite size and lattice internal 
micro-strain calculated from the broadening of the 
XRD peak can be shown in Fig. (6), as a function of 
milling time. It indicated that, with increasing milling 
time the crystal size (D) decreased (according to the 
equation: D=Kt−2   where K is a constant), while the 
lattice micro-strain is found to increase [6, 19]. 
Similar results were reported for Cu-Al2O3 composite 
[20, 21]. 

The observed change in both the crystallite 
size and lattice micro-strain of Al power milled with 
the hard alumina particles can be attributed to the 
hindering of the dislocation movement by Orowan 
bowing mechanism, leading to an increase in the 
dislocation density, and thereby accelerating the 
crystal refining progress [22]. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 3. XRD patterns of the Al-5 wt% Al2O3 
powder composites milled for different times 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. FWHM  for the milled Al-5 wt% Al2O3 
versus milling time 



Nature and Science 2015;13(4)                                                    http://www.sciencepub.net/nature  

 

 135

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Lattice parameter versus milling time of  
Al-5 wt% Al2O3 powder mixtures 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Crystaliite size and lattice strain of  
Al-5  wt% Al2O3 versus milling time 

 
3.1.2. Morphology of the prepared powders  

The morphology and particle sizes are 
important factors in powder metallurgy. Fig. (7) 
shows the obtained TEM images of the powder 
composites milled for 1, 3, 5, and 7 h. Inspecting 
these images, it is evidenced that the particle size 
decreased with increasing milling time and no 
evidence of particle coarsening. During milling, the 
powder raw aluminum and alumina is continually 
intermixed leading to a homogenous material with a 
uniform dispersed second phase. This may be due to 
the used high-energy milling technique, where the 
collision with milling balls enhances the powder 
refinement. Fine and hard alumina particles are also 
act as milling agent, which help to reduce the powder 
size [23,24]. It is well known fact that the stages of 
milling in metal matrix powder composites include 
plastic deformation of the ductile matrix, 
fragmentation of brittle particles, micro-welding and 
fracturing of the deformed particles [21, 23]. In this 

situation, where more fractures are formed, a large 
amount of fresh particle surfaces are produced with 
more distribution of alumina particle. This is because 
mechanical alloying breaks up and continually 
embeds the alumina particles into aluminum matrix 
by repeating fracturing and cold welding of the 
charged powders [25], and hence the particle size 
decreased with increasing milling time as can be 
shown in Fig. (8). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 7. TEM photomicrographs of Al-5 wt% Al2O3 

composites after different milling time, 
 (a) 1 h, (b) 3 h, (c) 5 h, and (d) 7 h 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Particle size of Al-5  wt% Al2O3 composite 

versus milling time 
 
3.2. Effect of sintering temperature on the sintered 
composites 
3.2.1. Physical properties  

The relative density (RD) and apparent 
porosity (AP) of Al- 5wt% Al2O3 nano-composites 
sintered at different temperatures (300, 370 and 
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470 ºC) for 1 h in argon atmosphere, are illustrated in 
Table (1). The RD increased with increasing both the 
milling time and sintering temperature, while the AP 
shows gradual decrease. This may be due to the 
refinement of particles of the milled powders [26-29]. 
 
3.2.2. Microstructure of the sintered composites  

Fig. (9) exhibits the obtained optical 
micrographs for the Al-5 wt.% Al2O3 composites 
prepared from powder milled for 1, 3, 5 & 7 h, 
respectively and sintered for 1 h at 470 ºC in argon 
atmosphere. Inspecting these images, it can be stated 
generally that, as the milling time was gradually 
increased  homogeneous microstructure is obviously 
observed.  It is evidenced also that mechanical 
alloying has caused appreciable grain size reduction 
and consequently more grain boundaries are formed. 

With increasing milling time and grain size 
reduction, some agglomerated particles are formed 
due to the formation of highly reactive particles 
preventing a good contact between aluminum 
particles during compaction [29]. It indicated also 
that with increasing milling time of the starting 
powders, the grain size of the particles decreased. 

Fig. (10) shows the SEM micrograph of the  
Al-5 wt% Al2O3 composite milled for 7 h and 
sintered at 470oC for 1h in argon atmosphere. This 
micrograph indicates that dense and homogenous 
microstructure with fine grains has been formed. Its 
Energy Dispersive Spectroscopic (EDS) analysis is 
also shown in Fig. (11), where only the peaks of Al 
(81.8%) and O (18.2%) are detected (as supplied by 
the apparatus software). 

 
Table 1. Effect of milling time and sintering temperature on BD, RD and AP of Al-5 wt% Al2O3 composites. 

 
Milling 

Time 

BD, g/cm3 

TD 

RD, % AP, % 

300oC 370oC 470oC 300oC 370oC 470oC 300oC 370oC 470oC 

1h 2.31 2.43 2.54 2.76 83.58 88.01 91.98 22.87 14.22 7.32 

3h 2.34 2.46 2.60 2.76 84.69 89.28 94.30 20.11 11.75 5.04 

5h 2.44 2.52 2.64 2.76 88.33 91.21 95.73 17.42 9.74 3.60 

7h 2.52 2.56 2.64 2.76 91.21 92.64 95.77 16.65 7.76 2.80 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Optical photomicrographs of Al-5 wt% Al2O3 milled for different times. (a) 1 h, (b) 3 h, (c) 5 h and (d) 7 h, 
and sintered for 1 h at 470 °C. 
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Figure 10. SEM photomicrograph of Al-5 wt% Al2O3 
milled for 7 h and sintered at 470 °C for 1 h. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 11. EDX spectrum of Al-5 wt% Al2O3 

composite milled for 7 h and sintered  
for 1 h at 470 °C. 

 
3.2.3. Micro-hardness of the sintered composites 

Figure (12) shows the micro-hardness of Al-
5 wt.-% Al2O3 composites, milled for 1, 3, 5 & 7 h, 
respectively and sintered for 1 h at 470ºC in argon 
atmosphere. It appeared that, the micro-hardness of 
the sintered composites increased with increasing 
milling time of the starting powders [20, 30, and 31].  
However, it can be supposed that such increase of 
micro-hardness is a consequence of the dispersion of 
the fine Al2O3 particles throughout the Al metal 
matrix and the grain size refinement of the starting 
powders which led to increase the sinterability and 
hence, lowering the porosity. It can be supposed also 

that, before milling the particle distribution was not 
uniform and the distance between alumina particles 
was so high. But starting milling and increasing its 
time gradually, this causes the breakage  of the big 
and brittle alumina powders and distribute them 
throughout the ductile aluminum powders, and hence 
the distance between alumina particles decreased 
gradually inside the obtained metal matrix composite 
[32]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Micro-hardness of Al-5 wt% Al2O3, 
sintered at 470 °C versus milling time. 

 
4. Conclusion 

The obtained results can be summarized as 
follow: 
 Mechanical alloying technique can be succesfully 

used to fabricate Al- 5 wt% Al2O3 nanocomposite 
after milling up to 7h. 

 As the milling time was gradually increased, the 
crystallite size decreased and the lattice micro-
strain increased, which may be due to the 
distortion effect caused by lattice dislocation. 
While the lattice parameters remain constant. 

 It was confirmed that the particle size decreased 
gradually with increasing milling time of the Al- 
5 wt. % Al2O3 powder composite. The fine 
dispersion of nano-scale Al2O3 particles through 
the Al metal matrix induces changes in the 
structure and properties of the obtained 
composites. 

 Increasing milling time and sintering temperature 
of the compressed bodies act to increase the 
relative density and to decrease the apparent 
porosity. 

 Refinement of grains and dispersion of Al2O3 
particles in the obtained metal matrix composites 
have considerable effect on their hardness. The 
nano-size Al2O3 particles act as strong 
strengthening parameter of Al matrix. However 
the micro-hardness of the sintered bodies was 
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found to be progressively increased with 
increasing milling time. 
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