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The microstructure and elemental mapping were observed by 
scanning electron microscopy (SEM, JSM-6700F, JEOL Co., 
Japan) equipped with an electron probe micro-analyzer (EPMA). 
The particle sizes were estimated from the measurements of 
above 50 powders which were selected from SEM micrographs 
of ball-milled powders.

Fig. 1. SEM image of mixed powders in a tubular mixer for 1 h

3. Results and discussion

The morphology of powder mixtures produced at different 
milling times was observed by SEM. As shown in Fig. 2a-d, 
the early stages of mechanical alloying (1 h and 2 h) result in 
the formation of powder aggregates having a wide range in 
size. In this stage, the particles are crushed down and cold weld 
together to form even larger particles. Further milling leads to 
increased deformation and work hardening [7,10], and thus large 
aggregates disintegrate into fragments producing finer particles 
as shown in Fig 2d.

Fig. 2. SEM micrographs of the powder mixtures obtained after high 
energy ball milling for (a) 1 h, (b) 2 h, (c) 3 h and (d) 5 h

The XRD patterns of the ball-milled powder mixtures with 
various milling times are shown in Fig. 3. The pattern of ball-
milled mixture for 1 h shows the peaks of all major alloying 
elements such as Ni, Cr, Al and W. With increasing the milling 
time to 5 h, the intensity of the diffraction peaks decreases and 
the width of the peaks increases. The peak broadening indicates 
that the crystalline size decreases with increase in milling time. 
In this regard, the crystalline sizes of the ball-milled powders 
under different milling times have been calculated through the 
Hall-Williamson equation [11] with the full-width at half maxi-
mum (FWHM) values of the XRD patterns.

Fig. 3. XRD patterns of powder mixtures mechanically milled for 1, 
2, 3 and 5 h

Fig. 4 shows the variations of particle and crystalline sizes 
during milling, which were obtained by measurement from SEM 
images of Fig. 2 and Hall-Williamson equation, respectively. The 
variation of average particles size seems to be typical high-energy 
milling process. As explained in Fig. 2, increase in particle size 
at the beginning of milling operation is resulted from repeated 

Fig. 4. The variations of average particle and crystalline sizes versus 
milling time




