
 

 

 

Abstract—This research work presents a low cost and feasible 

manufacturing method for producing intermetallic nanoparticles in 

industrial scales. Al3Mg2 belongs to complex metallic alloys (CMAs) 

category of intermetallics due to its special atomic structure. Al3Mg2 

can be used in different industrial applications such as reinforcing 

agent in composites. Al3Mg2 ingot was first produced by melting and 

alloying. Microstructure of the ingot were characterized using 

scanning electron microscopy (SEM) equipped with an energy 

dispersive X-ray (EDX) analysis, X-ray diffractometry (XRD) and 

optical microscope (OM). After optimization of first step to produce 

single phase compound, brittle ingot crushed into micron powders 

and finally, mechanically milled in attrition ball mill to manufacture 

nanoparticles. Milled powders characterization performed by XRD, 

SEM and transmission electron microscopy (TEM). The results 

showed that this technique can successfully apply for production of 

homogenous and nano-sized Al3Mg2 particles. Obtained results also 

showed that nano-sized intermetallic particles can be produced in 

large scales via the process of attrition ball milling which could be a 

reasonable method in industrial nanomanofacuring. 

 

Keywords—Intermetallic Compounds, Mechanical Milling, 

Melting & Alloying, Nanomanufacturing. 

I. INTRODUCTION 

ANOMANUFACTURING can be defined as manufacturing at 

the nanoscale. Nanomanufacturing involves scaled-up, 

reliable, and low cost manufacturing of nanoscale materials or 

structures. There are two approaches to the manufacture of 

nanostructures: top-down and bottom-up. Bottom-up approach 

refers to the build-up of a material from the bottom: atom-by-

atom, molecule-by-molecule, or cluster-by-cluster. The top-

down approach is to break down the structure of a bulk 

material, reducing the size to submicron or nanodimensions. 

Attrition or milling is a typical top-down method in making 

nanoparticles. Regardless of whether a top-down or bottom-up 

approach is used, a nanomanufacturing technology should be 

cost-effective[1,2]. 

Producing intermetallic nanoparticle is possible using both 
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mechanical alloying (MA) and mechanical milling (MM) 

processes [3,4]. MA is a powder processing method in which 

solid state interdiffusion reaction occurs by repeated severe 

plastic deformation and fracture processes, resulting in 

creation of fresh surfaces, decreased in inter-particle spacing 

to the nanometer regime, increased defect density and locally 

raised temperature contribute to the alloying between the 

powder particles [5,6]. Applying pre-alloyed or single phase 

powder instead of initial elemental powder is named 

mechanical milling and has some advantageous. In MM 

process only reduction in size is required so there is no 

problem with presence of process control agents (PCAs) 

which prevents diffusion and alloying behavior, no unreacted 

powders exist in the product and milling time is shorter. 

Oxidation during mechanical alloying of pure active elemental 

powders is inevitable specially for synthesizing Mg-

containing alloys or intermetallics therefore use of pre-alloyed 

powder is much better [3,4]. 

CMAs are a new category of intermetallics which are 

characterized by their giant unit cells comprising tens up to 

thousand of atoms, high structural complexity and large lattice 

parameters [7,8]. The β- Al3Mg2 phase with the stability range 

extends from 38.5 up to 40.3 at.% Mg, has a complex 

structure with lattice parameter of 2.8 nm containing 

approximately 1168 atoms arranged in cluster substructure 

[9]. This exceptional structure leads to interesting physical 

and mechanical properties. β- Al3Mg2 with low density of 

2.25 g.cm-3 and high-temperature strength of about 300 MPa 

at 573 °K [7,10] represents excellent technological potential 

as reinforcing agent in nanocomposites. One of the novel 

candidates for use as reinforcements in composite materials is 

complex metallic Alloys (CMAs).Recently Scudino et al. [11] 

propound an idea for applying CMAs as new reinforcement 

instead of conventional reinforcements.  

In the present work, a low cost and feasible manufacturing 

method for producing nano-sized Al3Mg2 intermetallic 

particles in industrial scales is presented. 

II. EXPERIMENTAL 

This nanomanufacturing Technique consists of three parts: 

Melting and Alloying Al3Mg2 compound, crushing and 

Mechanical Milling. Fig. 1 shows the flowchart of procedure 

used to manufacture the Al3Mg2 nanoparticles. According to 

Al-Mg equilibrium binary phase diagram [12], An alloy with 

nominal composition of Al60Mg40 (Al3Mg2) was prepared 
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from elemental Al and Mg as starting materials. About 500 g 

of Al3Mg2 was prepared by electric resistance melting in a 

graphite crucible using commercially pure (99.7%) constituent 

elements under protective argon atmosphere. An additional 10 

wt.% Mg was added to compensate for burning of Mg during 

melting. This amount was estimated after several trials of 

melting experiments. 

 

 
Fig. 1 Flowchart of the experimental procedure used to synthesize 

nanocomposites in this work. 

 

The cross-section of ingot samples was prepared by 

mounting in a resin followed by conventional grinding, 

polishing and etching in modified Keller (175ml H2O, 20ml 

HNO3, 3ml HCl, 2ml HF) solution.The microstructural 

characterization of samples were analyzed using light 

microscopy (LM), scanning electron microscopy (SEM) 

equipped with an energy dispersive X-ray (EDX). 

Phase identification in the samples was performed by 

means of powder X-ray diffraction (PXRD) carried out using 

Cu Kα1 radiation. The lattice parameter of the as-cast 

intermetallic was obtained from a linear regression analysis of 

the measured lattice parameter, obtained from each peak, 

plotted against the Nelson–Riley function [13]: 

 

NR= [(cos2 θ/sin θ) + (cos2 θ/θ)]/2.           (1)                           

 

Milling experiments were performed in a milling vial with 

hardened steel balls. The powders were milled for 100 h at a 

milling intensity of 270 rpm. The starting material for the 

milling experiments was first crushed and pulverized into 

pieces with a size of about 250μm and then charged in milling 

vials with steel balls of 10 and 6 mm diameters and ratio of 

2:1 to give a ball to powder mass ratio (BPR) of 12:1. The 

weight of the powder mixture was 200 g. To avoid the 

influence of oxidation during milling, the milling vial was 

filled with Ar gas before milling. A total of 2 wt.% stearic 

acid, CH3(CH2)16CO2H was used as process control agent 

(PCA). Samples for analysis were removed by interrupting the 

ball mill at intervals of 10 h and structural changes were 

measured.  

Scanning electron Microscopy (SEM) and transmission 

electron microscopy (TEM, ZEISS) was used to study the 

powder morphology, particle size and distribution. 

III. RESULTS AND DISCUSSION 

A. Intermetallic ingots Characterization 

Fig. 2 shows the optical microstructure of ingot samples 

with different amount of Mg from 38 to 42wt.%. It can 

concluded from the microstructures that the sample with 

40wt.% Mg is closest to chemical composition of Al3Mg2 

single phase compound in which the volume fraction of 

second phase is at its lowest.  

 

 
Fig. 2 OM microstructure of the polished cross section of Al-Mg 

ingot samples with different amount of Mg 

 

Fig. 3 shows a somewhat higher magnification of Al-

40wt.%Mg microstructure with scanning electron micrograph 

(SEM) which indicates some amount of second phase with 

dendritic structures within the alloy matrix with mean size of 

1 μm in diameter. 

 
Fig. 3 Microstructure of Al-40wt.%Mg in higher magnification with 

SEM micrograph. 

 

International Journal of Mining, Metallurgy & Mechanical Engineering (IJMMME) Volume 1, Issue 5 (2013) ISSN 2320-4052; EISSN 2320-4060

332



 

 

For more accurate characterization of second phase within 

the matrix of Al-40wt.%Mg alloy, EDX analysis were 

performed to determine the chemical composition of each 

phases (Fig. 4) . According to the EDX results, a dendrite 

structures containing less than 7 wt.% Mg are found within a 

matrix of composition 37.6 wt.% Mg. This second phase 

related to the micro segregation during solidification and 

disappeared after 4 h of annealing heat treatment.  

 

  
 

Fig.4 SEM micrographs of Al-40wt.%Mg intermetallic ingot and  

corresponding EDX analysis of indicated which shows 7 wt.% Mg 

for second dendritic phase and 37.6 wt.% Mg. for  matrix of alloy.  

 

Fig. 5 shows the XRD pattern of the as-cast intermetallic 

ingot (a) and average composition of the alloy (b). EDX 

analysis yields a composition of 37.6 wt. % Mg which 

corresponds to the composition range for the β- Al3Mg2 phase. 

The XRD pattern represents the structure model of β- Al3Mg2 

according to the peaks positions. The cooling rate leads to 

metastable phase formation and annealing affects the feature 

of X-ray pattern of the Al3Mg2 phase [14].  

 

 
Fig. 5 PXRD pattern (Cu Ka1) of intermetallic ingot. The strongest 

peaks are labeled with the hkl values of β- Al3Mg2 

 

Lattice parameter measurement by linear regression 

analysis of Nelson–Riley method shows a large lattice 

parameter of a= 2.809 nm according to (Fig. 6). 

 

 
Fig. 6 Linear regression analysis of the measured lattice parameter, 

obtained from each peak, plotted against the Nelson–Riley function. 

B. Milled Al3Mg2 Powder Characterization 

Fig.7 shows SEM micrographs of the milled powders of 

pre-alloyed Al3Mg2 compound for various milling times. As 

indicated, at the early stages of the milling (5 h), the particle 

size of the powders decreases rapidly due to the brittleness of 

the starting material.  

 
Fig. 7 SEM images of the a) as-crushed powder and milled powders 

for b) 5 h, c) 60 h and d) 100 h. 

After milling for longer times up to 100 h (Fig.7d), the 

particle size was gradually decreased to less than 1 μm and 
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they showed an irregular spherical morphology of 

agglomerated clusters. It is seen that more than 85% of the 

agglomerated particles are distributed in the submicron range 

from 100 nm to 200 nm. Cloudy shape of nanopowders is due 

to the agglomeration of nanoparticles for the great specific 

surface of the powders. The most important process 

parameters influencing the particles size and morphology are 

the time of milling, BPR and PCA. 

A bright-field TEM micrograph of the Al3Mg2 

nanoparticles after milling for 100 h together with the 

corresponding selected area electron diffraction pattern is also 

presented in Fig. 8 and confirms the generation of nano-metric 

sized particles. As can be seen, the sizes of nanoparticles were 

estimated to be in the range of 15-30 nm. 

 

 
Fig. 8 TEM micrograph of the nano-sized β-Al3Mg2 particles 

produced by 100 h milling of pre-alloyed intermetallic ingot. 

 

Fig. 9 shows the XRD patterns of 100 h milled for Al3Mg2 

nanoparticles revealing a noticeable broadening of the 

diffraction signals due to cumulative effects of grain 

refinement and lattice strain. After milling for 100 h only the 

most intense diffraction peaks of Al3Mg2 are clearly 

observable However, no new phases could be identified even 

after 100 h of milling. The result of crystal size measurement 

by William–Hall method revealed that the average crystalline 

size of Al3Mg2 was 21 nm after 100 h milling. 

 

 
 
Fig. 9- X-ray diffraction pattern of the manufactured Al3Mg2 

nanoparticles. 

 

 

IV. CONCLUSION 

In this work nano-sized Al3Mg2 intermetallic particles 

manufactured through a feasible and low cost technique of 

melting, alloying, grinding and milling in industrial scale.  

This nanomanufacturing technique consists of three steps. 

In first step, intermetallic ingot was prepared by melting pure 

elemental Al and Mg as starting materials and chemical 

composition was optimized for producing single phase 

intermetallic. Microstructural investigation of Al-Mg Ingot 

samples with different amount of Mg (38-42 wt.%) by OM 

showed that alloy with chemical composition of 40wt.% Mg 

was closest to chemical composition of Al3Mg2 single phase 

compound but more accurate characterization by SEM 

equipped with EDX revealed some amount of second phase 

with dendritic structures within the alloy matrix with mean 

size of 1 μm in diameter with chemical composition of about 

Al-7 wt.% Mg. This second phase related to the micro 

segregation during solidification and disappeared after 4 h of 

annealing heat treatment. XRD confirmed the production of 

single phase Al3Mg2 compound and lattice parameter 

measurement by linear regression analysis of Nelson–Riley 

method showed a large lattice parameter of a= 2.809 nm. 

After that single phase intermetallics was crushed and 

pulverized into pieces which passed through a 60 mesh sieve 

to separate particles with particle sizes less than 250 μm. In 

final step produced micron powders charged in to attrition ball 

milling and milled to fabrication of nanoparticles. Due to the 

brittleness of powders the particle size decreased rapidly and 

after 100 h of attrition ball milling, large amount (200g) of 

nano-sized particles were produced. The sizes of nanoparticles 

were estimated to be in the range of 15-30 nm by TEM 

micrograph.  
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