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The Fe60Co40 alloys were prepared by mechanical alloying of the Fe and Co powders using a high-energy
ball mill. They were studied with respect to phase formation and magnetic properties using x-ray diffrac-
tion, scanning electron microscopy, and measurements of coercivity and remanence (Br). The evaluation
of Fe lattice parameters during milling showed that formation of a body-centered cubic solid solution
occurred by mechanical alloying after 12 h of milling. Intensive milling of Fe-Co powders results in a
nonequilibrium microstructure characterized by grain refinement to a minimum of 10-13 nm and the
introduction of internal strain up to 0.5%.
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1. Introduction

Nanocrystalline materials, as a result of the considerable
reduction of grain size and their significant volume fraction of
grain boundaries and triple junctions, have exhibited many un-
usual mechanical, physical, chemical, and electrochemical
properties compared with conventional polycrystalline or
amorphous materials (Ref 1). Several studies demonstrated that
the level of understanding of nanostructured materials has
reached the point where a growing range of applications can be
anticipated (Ref 2). Mechanical milling is one technique that is
used to reduce grain size and to obtain nanocrystalline mate-
rials (Ref 3–5). Utilizing high-energy ball, or attritor, mills,
nanoscale processing continues to grow in importance, at least
as an experimental laboratory tool. Its attractiveness is its sim-
plicity and low capital equipment cost.

Mechanical alloying of the starting Fe100−xCox powders
leads to the formation of the body-centered cubic (bcc) solid
solution for x up to about 70%, while for higher Co content, the
face-centered cubic (fcc) structure is observed (Ref 6, 7). The
Fe-Co system, with a −1 kJ/mol heat of mixing, is very inter-
esting with respect to phase formation during mechanical al-
loying. In addition, its magnetic properties, such as coercivity
and remanence (Br), are very sensitive to alloy formation and
microstructure, respectively (Ref 8).

In this work, the Fe60Co40 alloys were obtained by the me-
chanical alloying technique. The formation of the bcc solid
solution is investigated as a function of milling time. The struc-
tural characteristics and magnetic behaviors of Fe60Co40 pow-
ders were also evaluated.

2. Experimental Procedures

Elemental Fe (particle size 50 �m) and Co (particle size 10
�m) powders were milled in a planetary ball mill (RETSCH
PM 400) in Ar using 16 steel balls 20 mm in diameter. The
ball-to-powder weight ratio was about 50:1. High-energy ball
milling was performed for milling times up to 54 h (i.e., 2, 4,
8, 12, 36, and 54 h). The rotation speed (�) of the disc and vials
was equal to 380 translations/min.

The microstructures of the resulting milled powder alloys
were investigated using x-ray diffraction (XRD) (Siemens D
500 diffractometer) using CuK�1 radiation. The mean size of
the crystallites was deduced from the line broadening. The
morphology aspect of the samples was analyzed using a scan-
ning electron microscope (SEM) with a field-emission gun as
the electron source. About 2 g of nanocrystalline powder was
compacted at 293 K and 2 GPa pressure for 90 min. The
magnetic measurements were carried out using a Teslameter
with attached electronic oscilloscope.
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Fig. 1 XRD patterns of the powder mixtures at different stages of
processing
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3. Results and Discussion

The XRD patterns for the milled Fe60Co40 samples are
shown in Fig. 1. After 2 h of milling, the peaks originating
from both the elemental Fe (bcc) and Co [hexagonal close-
packed (hcp)] powders are clearly seen in Fig. 1. The progres-
sive mixing of the starting elements due to the high-energy ball
milling process can be observed with the increase in milling
time. The peaks related to pure Co vanish gradually and then
disappear completely for milling times longer than 12 h. This

shows that Co diffuses into the bcc structures and forms a
disordered Fe-Co solid solution with a bcc structure. At the
same time, the widths of the peaks related to the bcc phase
increase gradually with the milling time due to the decrease in
grain size and increase in internal strain.

The alloy formation in the solid state was also confirmed by
the evaluation of the lattice parameter of Fe during milling. The
Fe lattice parameter, as calculated from the XRD patterns using
the Nelson-Killey method (Ref 9), increased with milling time
(Fig. 2), and showed that Fe and Co form a solid solution
through milling. Microstructural changes induced by extended

Fig. 2 Lattice parameter as a function of milling time for MA
Fe60Co40 alloy

Fig. 3 Grain size and internal strain as a function of milling time for
MA Fe60Co40 alloy

Fig. 4 Scanning electron micrographs of alloy structures in various milling times
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milling, such as grain size reduction and increase of internal
strain, are presented in Fig. 3. SEM micrographs (Fig. 4) show
the alloy structures obtained after various milling times. Pro-
gressive refinement of the grains according to the time of mill-
ing can be noted. At the beginning of the mechanical alloying
process, the particles are flattened by the plastic deformation
caused by the compressive forces induced by the contacts be-
tween balls/powder/balls. The average grain size and the inter-
nal strain were calculated by the Hall-Williamson method. The
grain size decreased sharply down to 13 nm, and the internal
strain increased up to 0.5% due to the excessive deformation
during milling. The grain size depends strongly on the chemi-
cal composition, the temperature of fusion, and the structure of
the alloy (Ref 10, 11).

Figure 5 shows the milling time effect on the evolution of
coercivity and remanence of Fe60Co40. The coercivity de-
creased sharply down to about 10 A/m while the remanence
increased to 0.1 T due to the excessive deformation during
milling. The increase in remanence (Br) after 36 h of milling
and the decrease in coercivity (Hc) at 36 h of milling are due to
the small grain size developed during milling. The low and
high values of Hc and Br, respectively, indicate that the
Fe60Co40 alloy can be considered as magnetic monodomains.
However, the increase in Hc after 36 h of milling is caused by
an increase of Fe content caused by the abrasion of Fe from the
steel balls and container walls and its subsequent incorporation
into the Fe-Co alloy.

The nonequilibrium microstructure of the Fe60Co40 alloys is
achieved by grain size reduction and the introduction of inter-
nal strain after intensive milling. Finer grain microstructures
are obtained at high milling intensities. The microhardness of
the Fe60Co40 alloy as a function of grain size is shown in Fig.
6. The increase in microhardness at low grain size (13 nm), can
be explained by means of the Hall-Petch relationship (Ref 12,
13). The yield stress required to deform a polycrystalline ma-
terial by dislocation movement depends on the grain size D.

4. Conclusions

The effect of milling time on the microstructure and mag-
netic properties of the Fe60Co40 alloys prepared by mechanical
alloying using high-energy ball milling has been studied. The
main conclusions are as follows:

• The bcc Fe-Co solid solution was identified by XRD.

• Intensive milling of Fe-Co powders resulted in a small
grain size (∼13 nm on average) and the introduction of
0.5% internal strain.

• Increase in remanence (Br) after 36 h of milling time and
decrease in coercivity (Hc) at 36 h of milling are due to the
small grain size developed during milling.

• Increase in microhardness of the Fe60Co40 alloy was ex-
plained by means of the Hall-Petch relationship.
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