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Abstract. The effect of the nominal Mg content and the milling time on the microstructure of mechanically alloyed 
Al(Mg) solid solutions is studied. The crystallite size distribution and the dislocation structure are determined by X-ray 
diffraction peak profile analysis. Magnesium gradually goes into solid solution during ball milling and after 3 h almost 
all of the Mg atoms are soluted into the Al matrix. With increasing milling time the Mg content in solid solution, the 
dislocation density as well as the hardness are increasing, whereas the crystallite size is decreasing. A similar tendency 
of these parameters is observed at a particular duration of ball milling with increasing of the nominal Mg content. At the 
same time for a long milling period the dislocation density slightly decreases together with a slight reduction of the 
hardness. 

Introduction 

Mechanical alloying (MA) is an effective tool to produce metal alloys with fine microstructure. During the process the 
particles of the initial powders are deformed heavily and repeatedly by high energy milling and the atoms of the added 
component are dissolved into the matrix of the main component. Ball milling is employed to obtain alloys with extended 
solubilities, dispersion-hardened metals, nanocrystalline and amorphous materials [1,2]. X-ray diffraction (XRD) is 
often used for the determination of microstructure of crystalline materials. The standard methods of X-ray diffraction 
profile analysis based on the full widths at half maximum (FWHM), the integral breadths and on the Fourier coefficients 
of the profiles provide the apparent crystallite size and the mean-square strain. If the shape of the crystallites can be 
assumed to be uniform, a crystallite size distribution function having two free parameters can be also determined [3-7]. 

The evaluation of the X-ray profiles is further complicated by the anisotropic strain broadening of the diffraction lines. It 
has been shown that the strain anisotropy can be well accounted for by the dislocation model of the mean square strain 
by introducing the contrast factors of dislocations [8-13]. The Multiple Whole Profile (MWP) fitting procedure of X-ray 
diffraction profiles was elaborated recently for the determination of the crystallite size distribution and the dislocation 
structure in nanocrystalline materials [14-15]. In this method the Fourier coefficients of the measured physical profiles 
are fitted by theoretical functions calculated on the basis of a model of the microstructure. The fitting procedure gives 
the median and the variance of the size distribution of crystallites, the density and the arrangement parameter of 
dislocations and one parameter for the character (edge or screw) of dislocations. In this paper the microstructure of 
nanocrystalline Al-Mg alloys produced by ball milling of Al and Mg powders are investigated by the MWP method. The 
crystallite size distribution and the dislocation structure are determined, and the hardness of the compacted powders is 
also measured as a function of the Mg content and the milling time. 

Experimental 

A series of aluminium-magnesium samples were prepared from high purity aluminium (99.9%) powder and high purity 
magnesium chips (less than 2mm thick and 5mm long). The mechanical alloying was carried out using a Spex8000 
shaker mill at room temperature. Martensitic stainless steel (440C) balls were used for milling where the ball to powder 
ratio was 10:1. Stearic acid (2%) was used as a control agent to prevent severe cold welding. Aluminium with 6wt% 
magnesium alloys were milled for up to 6 hours. A series of Al � x wt% Mg (x=0, 3, 6) samples were milled for 3 hours 
at the same conditions to study the effect of Mg concentration. The microstructure of the ball-milled powders was 
studied by X-ray diffraction peak profile analysis. The diffraction profiles were measured by a Philips X�pert 
diffractometer using a Cu anode and pyrolithic graphite secondary monochromator. The milled powders were 
compacted with a pressure of 1 GPa and the surface of the compacted specimens were polished carefully for hardness 
measurements. The hardness was studied by Depth Sensing Indentation test (DSI) with the maximum load of 100 mN.  
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Evaluation of the X-ray diffraction profiles 

The X-ray diffraction profiles were evaluated by the MWP method [14-15]. In this procedure the Fourier transform of 
the experimental profiles were fitted by the product of the theoretical functions of size and strain Fourier transforms. 
These functions were calculated on the basis of a model of the microstructure in which the crystallites have spherical 
shape and log-normal size distribution and the lattice strains are caused by dislocations. The MWP method has the 
following steps: (i) the Fourier coefficients of the experimental profiles have been calculated by a non-equidistant 
sampling Fourier transformation, (ii) the instrumental correction was carried out by the Stokes method [16] using the Si 
standard (NBS 640), (iii) the corrected experimental Fourier coefficients were fitted by the calculated ones by the least 
squares method. The procedure has five fitting parameters for cubic crystals: (i) the median (m) and (ii) the variance (�) 
of the log-normal size distribution function, (iii) the dislocation density (�), (iv) the dislocation arrangement parameter 
(M) and (v) the parameter q in the average dislocation contrast factors describing the edge or screw character of 
dislocations. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

Fig. 1: The measured and the fitted Fourier transforms for the specimen produced from Al - 6wt% Mg powder mixture 
milled for 0.5 h. The difference between the measured and the fitted values is also plotted in the lower part of the figure. 

 

Results and discussion 

The lattice constants of Al-Mg alloys produced by mechanical alloying were determined from the positions of the X-ray 
diffraction peaks. The Mg content of Al solid solutions was obtained by adjusting the measured lattice constants to the 
Vegard�s plot of Pool and Axon [17]. The Mg concentration are listed in Table 1. As can be seen the Mg concentration 
in Al alloys is increasing with the milling time for a particular powder mixture composition and also with the nominal 
Mg content of the powders for a particular milling time. The equilibrium solubility limit of Mg in Al at room 
temperature is about 3 wt% [18] which was exceeded up to about 6 wt% by mechanical alloying in the present 
experiment. The microstructural parameters of Al alloys were determined from the X-ray diffraction profiles by the 
MWP method. The measured and the fitted Fourier transforms are shown in Fig. 1 for the specimen produced from Al - 
6wt% Mg powder mixture milled for 0.5 h. The microstructural parameters obtained from the fitting procedure are listed 
in Table 1. The relative uncertainties of these parameters are between 10-15 %. The hardness values are also presented 
in Table 1. For the Al - 6wt% Mg samples increasing the milling time up to 3 h, the hardness increases due to the 
decreasing of crystallite size and the increase in the number of dislocations and the Mg concentration. Further increasing 
the milling time from 3 to 6 h the crystallite size and the Mg content did not change but the dislocation density slightly 
decreased resulting in a slight decrease of the hardness. For the powders milled for 3 h the hardness increased with the 
nominal Mg content due to the increase of the Mg concentration and the dislocation density as well as due to the 
decrease of the crystallite size. The character of dislocations can be monitored by using the parameter q. For pure screw 
or pure edge dislocations with the Burgers vector b=a/2<110>{111} the values of q are 1.33 or 0.36, respectively [19]. 
For Al - 6wt% Mg alloy milled for 0.5 h the value of q is 0.91 which means that the character of dislocations is half edge 
� half screw (mixed) (see Table 1). With increasing milling time the character of dislocations is shifted more to an edge 
type. After 6 h milling the dislocation character is mixed again and the total dislocation density decreases probably due 
to the breaking away of the dislocations from their solute Mg atom atmospheres followed by the annihillation of the 
mobile edge dislocations. These processes may be induced by large plastic deformation and/or some temperature raise 
during long milling periods. For pure Al milled for 3 h the character of dislocations is more of a screw type. With 
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increasing Mg content the dislocation character became gradually more of an edge type probably because of the pinning 
effect of the Mg atoms on the edge dislocations. 

 
Table 1: The Mg content, the hardness (H) and the microstructural parameters a) for the alloys of the nominal 

composition Al - 6wt% Mg with different milling time and b) for the alloys with different nominal Mg content milled for 
3 h, respectively. 

   a) 

Milling 
time [h] 

Mg 
[wt%] 

m 
[nm] 

� <x>vol 
[nm] 

� 
1014 [m-2] 

M q H 
[GPa] 

0.5 0.32 29 0.36 46 12 1.5 0.91 1.98 
1 1.98 16 0.41 29 36 2.4 0.42 2.23 
3 5.44 19 0.38 31 44 2.0 0.37 2.74 
6 5.65 17 0.40 30 32 1.63 0.90 2.57 

   b) 

Nominal 
Mg [wt%] 

Mg 
[wt%] 

m 
[nm] 

� <x>vol 
[nm] 

� 
1014 [m-2] 

M q H 
[GPa] 

0 0.00 56 0.19 64 9 1.0 1.17 1.11 
3 2.43 33 0.24 40 25 2.0 0.75 2.29 
6 5.44 19 0.38 31 44 2.0 0.37 2.74 

 

Summary 

Al-Mg alloys were produced by ball milling of Al and Mg powders. It was shown that alloying and the formation of 
nanostructures occur simultaneously during the severe plastic deformation. The equilibrium solubility limit of Mg in Al 
at room temperature has been exceeded by long milling. The effect of the nominal Mg powder content and the milling 
time on the microstructure and the hardness was studied. Increasing the milling time up to 3 h the hardness increases due 
to the fast decrease of the crystallite size and the increase both of the amount of dislocations and the solute Mg 
concentration in the Al matrix. With further increasing the milling time from 3 to 6 h the crystallite size and the Mg 
content did not change but the dislocation density slightly decreased concomitant with the slight decrease of the 
hardness. With increasing milling time the character of dislocations is shifted from mixed to a more edge type, however, 
after 6 h milling the character becomes mixed again. The hardness increased with the nominal Mg content for the same 
milling time (3 h) due to the increase of the Mg concentration and the dislocation density and due to the decrease of the 
crystallite size. With increasing Mg content the dislocation character became gradually more edge type probably 
because of the pinning effect of the Mg atoms on the edge dislocations. 
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