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The nanostructured Fe–Co alloys were prepared by mechanical alloying of elemental powders using a high-
energy ball mill. This made it possible to study the structural evolution of the milling product with the grinding
time. In addition to previous X-ray diffraction and thermomagnetic investigations, 57Fe based Mössbauer trans-
mission spectroscopy was used for this purpose. Iron was alloyed with cobalt just after one hour of milling and bcc
Fe–Co solid solution was formed. The analysis of the hyperfine magnetic field distribution proved that no signif-
icant structural changes occurred during further milling. A slight but regular increase in the standard deviation
was observed, indicating an enhancement of topological disorder or/and an increase in internal stresses.
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1. Introduction

Mechanical alloying is one of easily-operated and effec-
tive methods to obtain nanostructured alloys with a given
composition, including metal–metal systems [1, 2]. This
proceeds due to many processes occurring at the micro-
scopic level, such as repeated cold welding, fracturing,
mixing and re-welding of particles used as a substrate,
resulting in size reduction and sometimes in chemical
reactions. One of the main features of the product in
the form of nanostructured powder is a large fraction of
grain boundaries in comparison to grain interior, as well
as structural differences between them [3–5]. In addi-
tion, the internal strain and the number of crystal lattice
defects increase with decreasing grain size obtained by
long-term grinding. All these features modify the prop-
erties of the final powder compared to the bulk material
of similar chemical composition.

Among others, iron–cobalt nanocrystalline alloys can
be produced in this way. It was reported [6–10] that
mechanically alloyed Fe100−xCox systems show the bcc
structure for cobalt contribution from x = 0 up to 70,
while for higher cobalt content the fcc structure also oc-
curs [6]. In the both cases, a solid solution structure
with different degrees of disorder was obtained. Just like
in corresponding coarse-grained alloys for some cobalt
concentration (40 ≤ x ≤ 60) the ordering was observed
consisting in transformation from bcc structure to B2
below the temperature of 720 ◦C after cooling [12, 13].
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Fe–Co alloys are known to have many applications
in a wide variety of fields due to an unique combina-
tion of their excellent soft magnetic properties: high
Curie temperatures, high saturation magnetization, high
permeability, relatively high magnetostriction, and low
magnetocrystalline anisotropy with good strength [9–14].
All the characteristics depend not only on proportion
between the elements, but also on the powder struc-
ture. For example, in Fe–Co systems, different evolu-
tion of saturation magnetization with changing cobalt
concentration was observed. In as-milled material, min-
imum of saturation magnetization for x = 40–50 is re-
ported [13], and for thermally treated powders, maximum
at about x = 30 is observed, related to the increasing or-
der parameter [15].

The Mössbauer spectroscopy, as a microscopic and
very sensitive to the immediate surrounding of the Möss-
bauer probe method, can provide important information
on the microstructure of the powders tested. In this
paper it was therefore used to investigate the effect of
grinding time on structural evolution and properties of
the milling product.

2. Experimental details

Mixtures of Fe and Co elemental powders in ratio
50:50 were milled in a high-energy planetary ball mill
(RETSCH PM4000) with hardened steel balls and vials
and ball-to-powder ratio of 15:1, under a protective ar-
gon atmosphere. The milling time t was: 1, 5, 10, 15,
20, and 40 h. In addition to previous X-ray diffrac-
tion and thermomagnetic investigations [13], 57Fe based
Mössbauer transmission spectroscopy was used for this
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purpose. Room temperature Mössbauer spectra were
recorded using a 57Co/Rh source of radiation and a con-
ventional spectrometer working in a constant accelera-
tion mode, with a resolution of 2 × 512 channels. Spec-
tra were fitted by means of program NORMOS using
the Hesse–Rübartsch method [16] to derive a histogram-
like distribution of hyperfine magnetic field (HMF) cor-
related with isomer shift distribution. Isomer shift values
are quoted in relation to the metallic iron. An attempt
was also made to use a discrete HMF distribution based
on the local environment model.

3. Results and discussion

Previous XRD investigations performed for
Fe100−xCox systems [13] showed that after 30 h of
milling the alloys with the structure of bcc solid solution
were formed, which was also confirmed by the course of
thermomagnetic curves. Average grain diameter derived
for x = 50 was in the range 8.5–15 nm, and the in-
ternal micro-strain was within the limits (0.4–0.6)%.
The magnetic characteristics as coercivity and saturation
magnetization of the milled alloys strongly depended on
the Co content.

Evolution of transmission Mössbauer spectra of
Fe50Co50 powders with the milling time is presented
in Fig. 1. At first glance, the spectra seem to be very sim-
ilar. They are composed of a dominant (over 98%), some-
what asymmetric sextet with average hyperfine magnetic
field (HMF) about 34.8 T, as well as a small compo-
nent in the form of low-field sextet. Individual lines in
the main sextet are clearly broader in relation to pure
α-iron. The half width at half maximum (HWHM) is
about 0.4–0.5 mm/s. It is related both to the chemical

Fig. 1. Evolution of Mössbauer spectra of Fe50Co50
powders with the milling time t.

Fig. 2. HMF distributions derived from Mössbauer
spectra milled for different time t.

and topological disorder in the crystal lattice, manifested
by the existence of many inequivalent positions of iron
atoms with slightly different values of hyperfine param-
eters. Therefore, the spectra were fitted by a hyperfine
magnetic field distribution, taking into account correla-
tions between local isomer shift and hyperfine magnetic
field. After initial numerical analysis the common range
of HMF for all the spectra: 31 T ≤ B ≤ 39 T was chosen
in the fitting procedure. Constant relation between line
intensities within the sextet I1,6 : I2,5 : I3,4 = 3 : 2 : 1
was assumed, as preliminary fitting gave I2,5 close to 2.
Even in the powder milled for the shortest time t = 1 h
any component typical of pure iron is not observed in
the spectrum, which means that the elemental iron and
cobalt powders are mixed at the atomic level.

Figure 2 shows the hyperfine magnetic field distribu-
tions P (B), determined as a result of fitting the spectra.
All the curves have rather symmetric shape but slightly
differ in their positions and widths. The following pa-
rameters obtained on the basis of the fitting procedure
have been analyzed. These are the average value, skew-
ness and standard deviation of hyperfine magnetic field
distribution, and average isomer shift.

As is shown in Fig. 3, the value of average HMF be-
longs to the range between 34.7 T after 1 h of milling and
34.9 T and small differences are within the error limit.
The value of the HMF is close to that reported for me-
chanically alloyed FeCo which are within the range of
34.8 T to 35.6 T [7–9, 13].

Skewness (or skew), which is a measure of the asymme-
try of the probability distribution of a real-valued random
variable about its average value, is positive for distribu-
tions obtained for samples milled within 20 h or less,
decreases with the milling time and is clearly negative
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Fig. 3. Average HMF (squares) and standard devia-
tion of HMF (circles) vs. the milling time t.

Fig. 4. Average isomer shift vs. the milling time t.

for sample milled within 40 h. It means that the HMF
distributions derived for powders milled up to 20 h have
a small asymmetry with a tail on the right side while
for t = 40 h the distribution has a tail on the left, low-
field side. This evolution reflects real changes in powder
structure with the milling time, towards a greater disor-
der with a growing number of defects of the crystalline
lattice.

In the case of ideally random arrangement of atoms
in binary alloys the occupation probability of individ-
ual positions in the first and second coordination shell
is described by the binomial distribution. Many stud-
ies [17, 18] analyzed the HMF distribution in iron alloys
in terms of the local environment model, introduced by
Wertheim et al. [19], which assumes additivity of HMF
contributions originated from both iron and solute atoms
that surround a chosen Mössbauer nuclei. Within such
a model one can determine the actual distribution of oc-
cupations and, by comparison with the theoretical dis-
tribution, draw conclusions about the actual structure of
the alloy. However, an attempt to use a discrete HMF dis-
tribution based on the local environment model in order

to fit the spectra of mechanically alloyed Fe50Co50 failed
with all samples. This confirms the observations reported
earlier [20] that this model is inappropriate for non-dilute
Fe–Co alloys.

The analysis of standard deviation of HMF (see Fig. 3)
showed that this value grows monotonically through-
out the whole milling process. This tendency proves
the growing disorder of the atom arrangement or/and
the increase in internal stresses in the course of milling.

The isomer shift of the main sextet does not change
with the milling time within the experimental uncertain-
ties (Fig. 4). The values derived from the Mössbauer
spectra are close to those obtained by Moumeni et al. [9]
for mechanically alloyed Fe–Co powders and are slightly
larger than the results obtained for bulk disordered Fe–
Co alloys [20] (about 0.037 mm/s at 77 K). Therefore,
the discrepancy can be related to the mechanical alloy-
ing process.

In addition to the main sextet, also a small low-field
component in the spectra is present, the relative inten-
sity of which does not exceed 1.7% and the value of HMF
is close to/or less than 6 T. This component can be re-
lated to trace phases containing impurities coming from
the mill. It cannot be ruled out that the component is
an artefact of the fitting procedure resulting from the as-
sumption of the ratio of line intensities in the sextet
although this seems rather unlikely.

4. Conclusions

The bcc iron–cobalt solid solution was identified by
the Mössbauer spectroscopy. There are no indications of
the presence of pure iron in the ground material. There-
fore, all of the iron was alloyed with cobalt after just one
hour of grinding. Both average isomer shift and aver-
age hyperfine magnetic field remained stable in the ex-
amined range of the milling time. Structural evolution
of the investigated alloys consisting in growing disor-
der manifested itself through subtle changes in shape
of the HMF distribution. The distribution was slightly
asymmetric and its tail moved from right side of the max-
imum to the left one with increasing milling time. A reg-
ular rise in the standard deviation is observed, indicating
an increasing topological disorder and/or increase in in-
ternal strains.

From a technological point of view, it is worth empha-
sizing that it is possible to choose the optimal, relatively
short milling time when the Fe50Co50 alloy is already
formed and at the same time the number of defects does
not increase significantly due to long grinding.
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