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Abstract 
In this article a solid solution of Fe powder into Cu matrix were induced 
by mechanical alloying. X ray diffraction measurements were took place 
for the mechanically alloyed sample as a function of the milling time. The 
dissolution of elemental Fe powder into Cu matrix indicates the presence 
of Fe50-Cu50 solid solution. The fcc solid solution of the Fe50-Cu50 was 
annealed at different temperature. The X ray data of the annealed solid 
solution at low temperature there is small changes in the solid solution 
phase constituent but by raising the annealing temperature the solid 
solution decomposed to its constituents of Fe and Cu. The magnetic 
properties of the mechanically alloyed powder were measured by 
vibrating sample magnetometer (VSM) at applied magnetic field 5000 Oe 
and magnetic moment scale range of 10 emu. The results indicated that 
the saturation induction (Bs) value is increased by increasing the milling 
time so the coercive force (Hc) increased by milling until 50 hr milling 
time and decreased rapidly after that. 
Keywords: mechanical alloying, Fe-Cu solid solution, magnetic 
properties 

INTRODUCTION 
Recently, a number of “far from equilibrium” synthesis techniques have been 

developed to produce advanced materials with improved properties; one of these is 
mechanical alloying [1, 2]. Mechanical alloying is a solid- state powder processing 
technique that involves repeated welding, fracturing and rewelding of powder particles in a 
dry, high-energy mill [3-5]. Mechanical alloying is a powerful technique to synthesize 
nonequilibrium phases, which includes supersaturated solid solutions, metastable 
crystalline or quasicrystalline intermetallic phase and amorphous phases [4,6].  

The formation of solid solutions prepared by mechanical alloying has been 
observed in several systems with positive heats of mixing, such as Cu–M (M: Cr, V, Ta, W, 
Co, and Fe) [7] and the alloying process was occurred by the competition between external 
forces and thermally activated diffusion [8]. Bellon and Arerback [9] explain the formation 
of solid solutions in systems with positive heat of mixing by ball milling. The model 
describes the alloying process as a competition between external forces and thermally 
activated diffusion.  

Recently, the Fe–Cu system has been extensively studied by several groups [10-
12]. Therefore, the Fe50–Cu50 system is selected as a model system to study phase 
transformations during mechanical alloying of elemental powder which have positive heat 
of mixing. 
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In the present work a solid solution of Fe50Cu50 was prepared by mechanical 
alloying. The phase transformations for the powder after milling were investigated by 
XRD, optical microscope and vibrating sample magnetometer. 

EXPERIMENTAL 
Elemental Fe and Cu powders (99.9% purity) with particle size of - 45 μm from 

ALDRICH CO. LTD were used for the preparation of the starting mechanically alloyed 
mixer. These powders were blended to form compositions Fe50-Cu50 weight percent. 
Process control agent of about one wt% of the total powder charge of stearic acid was 
added to the powder mixture before milling operation. A non-centric high strain lab-made 
mill was used for mechanical milling with a ball filling ratio of 2/3 from the total mill 
volume. The process was carried out at room temperature and in argon atmosphere. The 
prepared Fe50Cu50 solid solution was annealed and heat treated to investigate the thermal 
decomposition behavior.  

Microhardness measurements were performed for the milled powders. The 
powders were mounted in a cold epoxy resin cured at room temperature and were 
successively polished by diamond paste down to 0.25 μm. Microhardness data of the milled 
powders were measured by an indentation technique, using Vickers Hardness Tester type 
(Shimadzu Microhardness), at a load of 25 gf. About eight to ten measurements were made 
on each sample. 

The Philips X-Ray diffractometer (XRD), type PW1370 was used to examine the 
structure variation during milling, at 30 kV potential and 25 mA current. From XRD 
patterns, the average grain size of the formed phases was calculated from the full width at 
half-maximum of main peak measurements, using the Scherer's equation [13]. Also the 
lattice parameter (a0) was determined for the milled powder by XRD using an internal 
standard. On the other hand the milled particles morphology was investigated by Nikon 
optical microscope. 

The magnetic saturation induction (Bs) in emu/g and the coercivity (Hc) in Oe 
were measured at room temperature for the mechanically alloyed powders using a vibrating 
sample magnetometer of the model LDJ 9600-1 VSM at applying field 5000 Oe. 

RESULTS AND DISCUSSION 
In this investigation, Fe50-Cu50 powder mixtures were mechanically milled to 

study the morphology and phase changes during milling. The typical structure of the as-
received powder mixtures is shown in Fig.1a. One can see in this micrograph light large 
particles of iron, and somewhat smaller and spiky particles of copper. After milling time of 
30 min, plate like shapes of the particles was formed as those demonstrated in Fig.1b. This 
photograph shows the characteristic lamellar structure of the mechanically alloyed particles 
during early stages of processing. In this stage little or no cold welding was observed. It is 
also noted that the initial ingredients (i.e., Fe and Cu) can still be identified. 

As the processing continued, typical structure of 60 min milled particles is shown 
in Fig.1c, where particles fracturing and rewelding due to the energetic grinding ball charge 
were observed. In each collision event, many particles were entrapped between each pair of 
colliding milling balls. As particles were plastically deformed, the surface-adsorbed layer of 
contaminants was ruptured and atomically clean metal was exposed. Where different 
powder particles overlap (as in this case of Fe and Cu) and deformation is severe enough a 
cold pressure particles containing bath on iron-iron weld and an iron-copper weld. The 
structure of the milled powder following 90 min of processing is shown in Fig.1d. 
Composite powder formation is much more extensive and has resulted from welding 
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together of composite fragments or finer elemental fragment. The particles have assumed a 
typically striated or lamellar internal structure. After 120 min of processing as showed in 
Fig.1e, the internal structure of the composite metal powder particles has a much more 
convoluted appearance and the powder particles themselves are more equiaxed or blocky 
than at shorter time of milling. The “kneading” action of milling led to a continual 
refinement of the internal structure of the metal powder. Because a balance was achieved 
between the amount of welding and the amount of fracturing, a steady state particle size 
distribution of equiaxed or blocky grains developed, as shown in Fig.1f. 
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Fig.1. Optical micrographs of the mechanically alloyed powder of Fe50-Cu50: where a) 
powder as-received, b) powder blend after 30 min milling, c) powder blend after 60 min 

milling, d) powder blend after 90 min milling, e) powder blend after 120 min milling, and f) 
powder blend after 20 hrs milling. 

The material has refined in structure to the extent that individual internal layers of 
iron and copper can no longer be resolved. From the foregoing discussion, the mechanical 
alloying process in general and that of (Fe-Cu) binary system in particular, can be 
categorized into five stages. These stages are particle flattening, welding predominance, 
equiaxed particle formation, random welding orientation, and steady state. 

To monitor the alloying process, the samples collected after various milling times 
are investigated by various techniques, e.g. X-ray diffraction. Figure 2 shows typical X-ray 
diffraction patterns for the Fe50Cu50 samples after different milling times.  

The XRD patterns of Fe-50%Cu powder mixture subjected to different milling 
times, ranging from 0 to 50 hr are shown in Fig.2. No obvious diffusive reaction occurred 
during the first 10 hr of milling. Only the grain size decrease and the lattice strain slightly 
increased as suggested by the broadening of the Fe and Cu peaks. After 20 hr milling, the 
centers of Cu peaks shifted to lower angles. This suggests that Fe diffused into the Cu 
lattice. Complete disappearance of all Fe peaks was observed after milling time of 50 hr 
and only the peaks associated with a fcc solid solution based on Cu were left. The increase 
of the lattice parameter has been attributed to the magnetovolume effects [14,15]. With 
increasing processing time, the Fe and Cu peaks were broadened considerably as a 
consequence of refinement of the crystallite size and the introduction of mechanical 
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stresses. The particle sizes of Cu calculated using the most intense peaks namely Cu (111) 
are plotted in Fig.3. The particle sizes of Cu decreased more rapidly during the first 5hrs of 
milling and then became almost stable further on, as show in Fig.3a. The ease with which 
this refinement can be achieved is one reason why mechanical alloying has been 
extensively employed to produce nano-crystallites. 

Powder hardness is an important process parameter in that it affects the degree of 
powder deformation during mechanical milling and can be used to determine the normal 
elastic force to separate or agglomerate particles during either fracturing or welding 
mechanisms involved during mechanical alloying process. Also, it can be used, as an 
additional support tool for understanding the progressive fragmentation or agglomeration 
and alloying mechanism during mechanical alloying. Figure 4 shows the variation in 
microhardness of milled powder particles with milling time. With increasing milling time, 
the measured microhardness showed increase in their values.  

In the early stages of milling (up to 2 hrs) higher rate of increase of the 
microhardness was observed for the entire investigated particle mixtures which could be 
attributed to the fact that almost all the milling energy is spent on deformation/ flattening of 
Fe and Cu particles. This initial increase in hardness was followed by the onset of some 
softening mechanisms (at milling time ranging from 6 to 10 hrs) due to recovery and/ or 
recrystallization brought by the rise in temperature, usually estimated to be from 1000°C to 
200°C, during the milling [16]. However, the progressive milling process of these particles 
leads to the formation of a composite with an increasingly finer dispersion, thereby 
resulting in a substantial increase in hardness further on. 
 

 
Fig.2. XRD patterns for the mechanically alloyed Fe50Cu50 wt % powders for different 

milling time. 
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Fig.3. The effect of milling time on the grain size and the lattice parameters of the 

mechanically alloyed Fe50Cu50 powder; where a) the effect of the milling time on the 
grain size and b) the effect of the milling time on the lattice constant. 

 
Fig.4. The effect of milling time on the microhardness. 

From the results of the curve of hysteresis B-H as illustrated in Fig.5 and the 
relation between the milling time and the magnetic parameters as showed in Fig.6, the 
saturation induction (Bs) of the as mixed copper and iron powder of the composition 
Fe50Cu50 has a Bs value 55 emu/g but by milling the Bs decreased to 21 emu/g after 10 hr 
and to 23.5 emu/g after 30 hr milling time which due to the contribution of the non-
magnetic copper particles within the ferromagnetic iron particles decreasing the magnetic 
moments of the mechanically alloyed powder. But from the values of the remanence (Br) 
and the coercivity (Hc), the values were increased by increasing the milling time to 30 hr. 
due to the decrease in the particle size by milling induce the particle – particle interactions 
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and then increase the magnetic force required for reverse the domains to the original state. 
By continuous milling to 50 hr the Bs value was decreased to 28.8 emu/g and the Br and Hc 
were decreased due to the complete dissolution of the iron powder in the copper as 
indicated by XRD pattern in Fig.2.  
 

 
Fig.5. The B-H hysteresis loops for the mechanically alloyed Fe50Cu50 powders with 

different milling time where; a) the starting Fe50Cu50 powder before milling, 
b) the powder after 10 hr milling, c) the final Fe50Cu50 mechanically alloyed powder 

after 50 hr milling. 

   
Fig.6. The relationship between the milling time and the magnetic properties, namely a) 

saturation induction, Bs, b) coercivity, Hc, and retentivity, Br, for the mechanically alloyed 
Fe50Cu50 powders with different milling time. 

CONCLUSIONS 
• Morphology investigation of milled (Fe-Cu) powder mixtures indicates that 

mechanical alloying process involves five stages. These stages are particle flattening; 
welding predominance; equiaxed particle formation; random welding orientation and 
steady state. 

• XRD study reveals that single-phase fcc solid solution results from milling Fe-Cu 
powder mixtures with Cu concentration of 50 wt%. 

• The lattice parameter for single phase solid solutions of bcc Cu have been changed as a 
consequence of milling. The value of lattice parameter of bcc solid solution has been 
increased with the increase of milling time suggesting that smaller atom of iron has 
diffused in Cu crystallite unit. The particle sizes of Cu decreased more rapidly during 
the first 5hrs of milling and then became almost stable further on 
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• Powder hardness measurements can be used to follow the mechanical alloying process 
and hence understanding of the different stages involved. 

• The mechanical alloying process can be follows by measuring the magnetic properties 
at different milling time. 

• In case of mechanically alloyed Fe50Cu50 the saturation induction decreased by 
milling with contributions of the non-magnetic copper into the ferromagnetic iron, on 
the other hand the coercivity and remanence increased by milling due to the increase in 
the particle-particle interaction. But after extensive time the properties were inversed 
due to the formation of the nanosized particles. 
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