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Abstract—Al-10 wt. % powder composite synthesised via 

conventional ball mill. Characterisation has been done at 

different interval of milling time. X-ray diffraction (XRD) and 

scanning electron microscope (SEM) techniques are used for 

characterisation of the powder composite which shows that 

uniform distribution of Al2O3 in Al matrix was successfully 

obtained after milling the powder for the period of 12 hours. The 

uniform distribution of Al2O3 in the Al matrix was confirmed by 

characterizing the powders by SEM. The particle size of powder 

composite is decreasing with increase in milling time. Addition of 

Al2O3 particles in Al powder further accelerates the milling and 

if further decreases the size of particle which is shown by the 

SEM micrographs. Crystallite size has got similar trend of 

decreasing like particle size which is shown by XRD. XRD also 

shows increase in lattice strain in the powder particle which is 

induced during the milling. 

Key words—Al-Al2O3 powder composite; Ball milling; SEM; 

X-ray diffraction. 

I. INTRODUCTION 

Metal matrix composites find a varied application in 

aerospace, automotive and military industries [1,2] owing to 

their high mechanical properties and good physical behaviour 

including light weight, electrical and thermal conductivity. 

There is a whole lot of metallic alloy systems available at hand 

which can be used as matrix, however, Al in this category have 

attracted most of the researchers due to its low density, heat 

treatment capability, and wide range of its alloys and 

processing flexibility. Reinforcing the ductile aluminium 

matrix with stronger and stiffer reinforcements like oxides, 

carbides, borides, and nitrides provides a combination of 

properties of both the metallic matrix and the ceramic 

reinforcement components resulting in improved physical and 

mechanical properties of the composite [3,4].  

Addition of ceramic reinforcements into a ductile matrix 

has a great effect on structural evolution during ball milling [5-

11]. Further, enhancement in the mechanical properties of the 

composite with decrease in the particle size of the 

reinforcements [12-15] is reported. Among various 

reinforcements, Al2O3 is one of the most widely used 

dispersoid in Al-based composites [16,17]. Some of the earlier 

works report the synthesis of Al-Al2O3 powder composites. 

Ball milling is a simple and useful technique for attaining a 

homogeneous distribution of inert fine particles within a fine 

grained matrix [18,19]. Most of the earlier works involve high 

energy ball mill for synthesis of composites, which requires a 

high energy as well as has low production rate. The present 

work employs a low energy conventional ball mill for the 

synthesis of Al-10 wt. % Al2O3 powder composite. The 

characterisations of samples have been done with the help of 

X-ray diffraction patterns and SEM micrographs. Results show 

that addition of Al2O3 powder markedly influences the 

structural and morphological evolution of the Al matrix. 

Homogeneous distribution of Al2O3 particles and uniform size 

distribution is confirmed by SEM micrographs. The Analysis 

of lattice strain and grain size was also carried out with the help 

of XRD patterns during milling stages. 

II. EXPERIMENTAL PROCEDURES 

A. Sample Preparations 

The Al powder of 99.9 % purity and average particle size 

of 40 μm with maximum 3% particles have size greater than 75 

μm was obtained from MEPCO, The Metal Powder Company 

Limited, India. 

Pure aluminium oxide (Al2O3) powder was obtained from 

commercial vendors. Al2O3 powder is of 99 % purity with the 

average particle size of 150 μm. Ethyl alcohol has been used as 

the process controlling agent. The Figure 1 shows the SEM 

micrographs of the pure aluminium and alumina powder. 

B. Milling of Powder 

The pure powders of Al and Al2O3 were mixed in the 

desired weight. After mixing, the powder blend was put inside 

the milling vial under the atmosphere of nitrogen gas.  

Nitrogen gas is inert in nature and it will provide an inert 

atmosphere during milling of powder. About 100 grams of 

powder mixture is used along with 12 stainless steel balls each 

of which has a diameter of 20mm and a total weight is 392 

grams. Therefore in our experiment the ball to powder ratio is 

4:1 which is maintained throughout the experiments.  Here we 

have used a low energy ball mill having vial diameter and 

length is 115mm and 156 mm respectively. The mill was 

rotated at constant speed of 104 rpm which is nearly 75% of its 
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critical speed. The powders along with the balls were loaded 

into the nitrogen gas filled milling jar.  

 
(a) 

 
(b) 

Fig. 1: SEM micrographs of as received (a) Al powder and (b) Al2O3 

powder. 

Milling was carried out for different times until steady-state 

conditions were achieved. The milled powders were taken out 

at regular intervals of time i.e. 2, 4, 8 and 12 hours for 

morphological and structure analysis. To avoid any 

unwarranted and excessive cold welding of powder particles 

amongst themselves, onto the internal surfaces of the vial, and 

to the surface of the grinding medium during milling, few 

drops of ethyl alcohol was added to the mixture as the process 

control agent.  

C. Characterisation of Powder Composites 

The X-ray diffraction patterns were taken using Philips 

Bruker D8 Advanced X ray Diffractometer with Cu Kα 

radiations. The peak broadening observed in XRD could be 

due to physical factors such as crystallite size and lattice strain. 

The average crystal size and lattice strains were obtained using 

Williamson–Hall method [20]. 

βcosθ =λ /d + 2ηsinθ                                  (1)                     

The morphological characterisation of powder i.e. 

distribution of Al2O3 particles and particle size distribution was 

studied by JOEL-JSM 6510 LV scanning electron microscope 

(SEM). Figure 1 shows the SEM micrographs of as received Al 

and Al2O3 powder.  

III. RESULTS AND DISCUSSIONS 

A. Morphological Characterisation 

The as-received Al powder is irregular in shape as shown in 

Figure 1. The monolithic aluminium particles were deformed 

into flake like shapes after 2 hours of milling as shown in 

Figure 2a. After 4 hours milling, the particle are found to have 

the largest size (Figure 2b). This is because of the fact that the 

aluminium is ductile in nature. Due to the ductile nature of 

aluminium powder, welding occur between the powder 

particles resulting in an increase in particle size. It is also noted 

that the maximum size of particles are found to be in this stage. 

It is because welding is the dominating mechanism in this 

stage. 

Flake like morphology was maintained after 8 hours of 

milling but the particle size distribution was changed and the 

average particle size was decreased (Figure 2c). In this time 

period, the fracture mechanism is activated due to the work 

hardening of the particles. Large flake like particles are crushed 

due to the intensive impacts of balls and collision with the 

walls of ball mill.  Further milling up to 12 hours has no 

considerable effect on the morphology of the particles (Figure 

2d). Indeed at milling times longer than 8 hrs, the steady state 

predominates.  

Figure 3 shows the sequence of scanning electron 

micrographs of the Al-10 wt. % Al2O3 powder as a function of 

milling time. The alumina particle starts distributing in 

aluminium matrix after 2 h of milling as shown in Figure 3a.  It 

may be noticed from the micrograph that Al2O3 particles were 

appearing bright and the Al matrix appearing grey in the 

image. 

The particle size is changing with milling time, as a result 

of the two opposing factors of cold welding and fracturing of 

powder articles. While cold welding increases the particle size, 

fracturing reduces the size. In the early stages of milling, the 

powder particles are still soft and cold welding predominates. 

Consequently, an increase in particle size is observed after 4h 

of milling as shown in Figure 3b. Note that at this milling 

stage, particles have been under deformation and cold welding 

therefore flattened particles with high aspect ratio were formed. 

With continued milling, the particles get work hardened and 

become brittle and the rate of fracturing tends to increase 

resulting in a reduction in particle size after 8 hours of milling. 

This can be clearly seen in Figure 3c. Bigger particles are still 

visible after 8 hours of milling. It is because once fracturing 

had occurred, fresh particle surfaces are produced and due to 

the high reactivity of these surfaces, cold welding again 

becomes predominant leading to an increased particle size after 

a milling time of 8 h, as depicted in Figure 3c. Eventually, a 

balance is established between the cold welding and fracturing 

events and a steady-state situation is obtained. That is, the 

particle size gets stabilized, and does not change with further 

milling (Figure 3d).  

It can be clearly see that as we increase the milling time, 

the uniform distribution of reinforcement particles increases. 
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The distribution of Al2O3 particles is very uniform after 12 

hours of milling. 

 

               
(a)                                                                                          (b) 

               
(c)                                                                                   (d) 

Fig. 2: SEM Micrographs of monolithic Al powder particles at different milling time: (a) 2 h,    (b) 4 h, (c) 8 h and (d) 12h 

               
(a)                                                                                            (b) 

              
(c)                                                                                          (d) 

Fig. 3: SEM micrographs of Al-10 wt. % Al2O3 powder milled for different times:   (a) 5h,      (b) 4h, (c) 8h and (d) 12h 
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On comparing Figure 2 and 3 we can notice that on addition of 

brittle particle of Al2O3 in Al matrix, the particle size decreases 

more rapidly with increase in milling time than in the case of 

monolithic Al. It is because addition of Al2O3 particle it 

accelerated the milling process, leading to faster work hardening 

rate and fracture of the aluminium powder. 

B. Microstructure Characterisation 

X-ray diffraction experiments were carried out on the 

milled powders for crystal structure analysis. X-ray diffraction 

patterns are taken at different milling time. Figure 4 shows the 

x-ray diffraction patterns of Al-10 wt. % Al2O3 at different 

milling time which are 2, 4, 8 and 12 hours. The peaks of Al 

are clearly shown in the Figure 4 but the peaks of alumina are 

of very low intensity. Further, on increasing the milling time, 

peaks tend to increase its broadness which is due to grain 

refinement of the powder and lattice strain induced during 

milling. 

The crystallite size and lattice strain of monolithic 

aluminium and Al-10 wt. % Al2O3  powder composite during 

milling time is calculated by Williamson-Hall method i.e. Eq. 

1. Figure 5 shows the variation of crystallite size and lattice 

strain as a function of milling time. It is very clear that the 

crystallite size is decreasing with increasing milling time.  

It is also noted from the graph that the crystallite size 

decreases rapidly in early milling stages that is up to 4 hours of 

milling. After 4 hours, the grain size decrease at smaller rate 

and grain size reached a minimum. After 8 hours of milling, it 

nearly become stable as the milling reaches to steady state. 

With addition of Al2O3 the grain size decreases at more rapid 

rate it could be due to its brittle nature induced in the Al matrix 

due to its brittleness.    

 

 

Fig. 4: XRD patterns of Al-10 wt. % Al2O3 obtained for different milling 

time. 

 
(a) 

 
(b) 

Fig. 5: Variation of (a) Crystallite size and (b) Lattice strain as a function 

of milling time. 

Lattice strain is increases with milling time as shown in 

Figure 5b. It can be seen in that lattice strain is increases up to 

maximum value that is after 8 hours in our case and after that it 

remains constant. The increase in lattice strain with time is due 

to distortion effect caused by dislocation in lattice. Increase in 

lattice strain is more rapid in the case of Al-10 wt. % Al2O3 

powder composite during milling. 

IV. CONCLUSIONS 

Al-10 wt. % Al2O3 powder composite was successfully 

synthesised by mechanical alloying. Characterisation of milled 

powder by SEM has confirmed the uniform distribution of 
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alumina particles in Al matrix after12 hours of milling. 

Homogeneity of particle size is increases with increase in 

milling. It was found that the milling stages include plastic 

deformation, welding and fracture of particles. 

 Addition of alumina powder has great influence on the 

morphological and structural characteristics of powder 

composite. The addition of hard particles accelerates the 

milling process, leading to faster work hardening rate and 

fracture of the aluminium powder. 

X-ray patters shows increase in broadness of peaks with 

increase in milling which is due to increase in lattice strain 

induced due to plastic deformation and decrease in crystallite 

size. The crystallite size decreases with milling time and 

addition of alumina increase the rate of reduction in crystallite 

size. With increase in milling time lattice stain increases and 

after getting a maximum value it remain constant. Addition of 

alumina increases the lattice strain as compared to monolithic 

Al which is due to distortion effect caused by dislocation of 

lattice and brittleness induced in the matrix due to alumina 

particles. 
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