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The mechanical alloying process has been used to prepare nanocrystalline Cu70Fe18Co12 alloy from elemental
Cu, Fe and Co powders in a planetary ball mill under argon atmosphere. The interdiffusion of Cu, Fe and Co
leads to a heterogeneous solid solution with Cu–Fe–Co rich environments after 12 h of milling. The end product is
a mixture of a highly disordered structure, fcc-Cu (Fe–Co), phase having different microstructural and structural
parameters. For all the elaborate series, the evolution of coercive field and the remanence according to the time
of milling is analyzed. The coercivity, Hc, decreases rapidly up to 8 h of milling to about 0.3 A/m and then the
coercivity, increases to a maximum at 54 h. The influence of the time of milling at the resistivity of these alloys is
shown.
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1. Introduction

Nanostructured materials continue to receive a great
importance in different fields of material engineering be-
cause of their outstanding physical, mechanical, mag-
netic and chemical properties which are different from
those of the coarse-grained counterparts [1–3]. Signifi-
cant progress has been made in developing several pro-
cessing techniques to prepare nanostructured materials.
Among these techniques, mechanical alloying (MA) is a
solid state synthesis method to prepare nanocrystalline
alloy/compound powders by milling the elemental pow-
ders in an appropriate ball mill. Extreme local pressures
and temperatures, engendered for a small milling time
during repeated ball–powder–ball collisions, lead to the
powdered materials transfer by diffusion and eventually,
to the formation of new phases which cannot be obtained
by other techniques of preparation [4–6].

In this study, the chosen composition is Cu70Fe18Co12,
which is quite different from all previous alloys in this sys-
tem. Detailed electron microscopy observation and X-ray
energy dispersive analysis (EDX) have been performed on
this material; followed by magnetic and resistivity mea-
surements.

2. Experimental procedure

The Cu70Fe18Cu12 alloy was prepared by MA from Cu,
Fe and Co elemental powders. A mixture of appropriate
amounts of Cu, Fe and Co powders was mechanically
alloyed, using a RETSCH PM400 model with stainless
balls, under an Ar atmosphere, with the balls to powder
weight ratio of 20:1. Mechanical alloying was performed
for several processing times: 4, 8, 12, 24, 36 and 54 h,
respectively. The particle size, morphology and chemical
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composition of the Cu–Fe–Co powder have been stud-
ied after every milling cycle on a JEOL 6360 microscope
equipped with EDX analyzer. The magnetic measure-
ment of the samples were performed at low frequency
(at room temperature) in a variable field created by two
coils vacuum, the sample is placed at the center of two
coils connected to a magnetic induction meter (tesla me-
ter). This arrangement allows us to trace the hysteresis
loops. The variation of the resistivity was measured by
the four-point method.

3. Results and discussion

3.1. Electron microscopy and analysis

The powder obtained after 12 h of milling shows a
bright aspect and large distribution. Observation un-
der scanning electron microscopy (SEM) showed that the
most of the particles have a size ranging from 15 µm to
0.5 mm, in the case of Co–Fe–Co which was milled for
different times: 12, 24, and 54 h. There was observed the
presence of aggregates having an important size and flat-
tened shape (Fig. 1c). The same order sizes are observed
in the literature by Lardé [7] and Galdeano [8].

The results of X-ray mapping of the powder milled 12 h
show a homogeneous distribution of the pure elements
(copper, iron and cobalt) in the particles. On the base of
these results we can say that beyond 12 h of milling, the
powders became homogeneous to scale the µm (Fig. 2).

3.2. Magnetic measurement

The variation of coercivity (Hc) with milling time is
shown in Fig. 3a.

In this alloy, we observed the coercivity decreases in
the early hours of milling, the minimum value of Hc is
about 0.3 A/m. This reduction coincides with the dif-
fusion of cobalt into the copper. Beyond 8 h of milling,
the coercivity increases to a maximum at 54 h. The in-
crease of Hc can be explained by the presence of stresses
introduced during prolonged milling.
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Fig. 1. Powder morphology and particle size of alloy
Cu70Fe18Co12: (a) 12 h, (b) 24 h and (c) 54 h.

Fig. 2. Mapping a particle Cu70Fe18Co12 of milling.
Elements map represent: in red the distribution of iron,
in blue the distribution of cobalt and in green the dis-
tribution of copper.

The curve of the remanence is shown in Fig. 3b. The
remanenceMr decreases rapidly up to 8 h of milling then
increases to 1.6 T after 48 h. The small values ofMr may
be attributed to by the small magnetic particles which
are typically single domains, or else by the introduction
of constraints in the alloy.

3.3. Resistivity measurement

The variation of resistivity and the grain size are shown
in Fig. 4. The high energy milling leads to the disper-
sion of magnetic elements (iron and cobalt) in the non-
magnetic matrix (copper) and this slows the movement
of the current. The refinements of the crystallites size
induced an increase in the number of grain boundaries.
We have observed a slight decrease in resistivity between

Fig. 3. Variation of: coercivity (squares) and rema-
nence (circles) as a function of milling time.

8–12 h of milling which can be linked to the morphology
of the powders.

Observations SEM made on these samples show the
presence of large agglomerates, whereby the current flow
is promoted in the continuous medium and uniform.

A slight increase in the value of resistivity is observed
compared to the stored values in the binary alloys (Cu–
Co, Cu–Fe). Adding together the two transition elements
(iron and cobalt) in the copper matrix by mechanosyn-
thesis raised somewhat the values of the resistivity of the
mixture.

Fig. 4. Crystallite size and resistivity evolution as a
function of milling time for Cu70Fe18Co12.

4. Conclusion

Analysis of the samples shows that they are homoge-
neous on the micron scale after a few hours of milling.
SEM reveals the morphological evolution of the powder
milled and the importance of the milling conditions to the
evolution of the grain size. The study of magnetic proper-
ties shows that there are magnetic interactions between
magnetic precipitates. These interactions seem to lead
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to the formation of regions magnetically coherent multi
precipitates mutually coupled within each region, causing
reorientation of the magnetic moments of ferromagnetic
behavior. The results obtained show that the alloys con-
sist of a granular mixture of hard magnetic phase (cobalt)
and soft (iron) show a soft ferromagnetic behavior. The
study of the electrical behavior reveals the increased elec-
tric resistivity as the milling time increases.
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