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Abstract Fe100−xNix samples with x = 22.5, 30.0 and 40.0 at.% Ni were prepared
by mechanical alloying (MA) with milling times of 10, 24, 48 and 72 h, a ball
mass to powder mass (BM/PM) ratio of 20:1 and rotation velocity of 280 rev/min.
Then the samples were sintered at 1,000◦C and characterized by X-ray diffraction
(XRD) and transmission Mössbauer spectrometry (TMS). From the refinement of
the X ray patterns we found in this composition range two crystalline phases, one
body centered cubic (BCC), one face centered cubic (FCC) and some samples
show FeO and Fe3O4 phases. The obtained grain size of the samples shows their
nanostructured character. Mössbauer spectra were fitted using a model with two
hyperfine magnetic field distributions (HMFDs), and a narrow singlet. One hyperfine
field distribution corresponds to the ferromagnetic BCC grains, the other to the
ferromagnetic FCC grains (Taenite), and the narrow singlet to the paramagnetic FCC
grains (antitaenite). Some samples shows a paramagnetic doublet which corresponds
to FeO and two sextets corresponding to the ferrimagnetic Fe3O4 phase. In this fit
model we used a texture correction in order to take into account the interaction
between the particles with flake shape and the Mössbauer γ-rays.
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1 Introduction

Fe–Ni system has attracted the attention of researchers because it originates the
formation of a great number of alloys with special thermal and magnetic properties
[1–14]. The use of high energy mills and other new technological methods of prepara-
tion joined, in some cases, by heat treatments, enable to obtain samples with different
structures and novel properties. This is the current field of the nanotechnology, which
allows preparing nanostructured Fe–Ni alloys and other different materials [15, 16].
Their small grain size gives rise to a high ratio between the number of atoms located
in the grain boundary and those in the interior. In addition, these materials are
very interesting from the magnetic point of view because their reduced grain size
approaches to the size of a magnetic domain and offer the possibility to eliminate
the influence of the domain walls. It is very well established that the intermetallic
compounds prepared by mechanical alloying (MA) have a high structural disorder
and are unstable [17–19]. These factors implied unusual physical properties, which
are very different compared with those of bulk microcrystalline materials. For this
reason, several studies have been carried out investigating the structural properties of
the Fe–Ni alloys prepared by MA [6, 7]. Kaloshkin et al. [12], after annealing at 650◦C
samples of the Fe1−xNix system prepared by MA, showed that the concentration
ranges of the phase existence shift to the low nickel content side of the phase diagram
of melted alloys, and additionally showed the formation of a non-ferromagnetic
alloys very unusual for the Fe–Ni system. More recently Valderrutem et al. [20]
have reported a MS and XRD study of samples from the Fe100−xNix system, with x
varying from 22.5 up to 40, prepared by MA. They found that all the samples present
the coexistence of some phases: the ferromagnetic Fe–Ni BCC, the ferromagnetic
Fe–Ni FCC (taenite) and the paramagnetic Fe–Ni FCC phase (antitaenite). They
proposed a new fit model which includes two HMFDs which correspond to the two
ferromagnetic phases and a paramagnetic site which corresponds to the antitaenite
phase.

The aim of the present work is to compare the phase composition and hyperfine
properties of three samples of the Fe1−xNix system, obtained by mechanical alloying
and then sintering. According to our knowledge, no work has been reported previ-
ously on these alloys prepared by this route.

2 Experimental method

Pure carbonyl Fe powder (99.9%) and electrolytic Ni powder (99.9%) were used as
the starting materials. Fe100−xNix samples with 22.5 ≤ x ≤ 40.0 were alloyed under
vacuum for 10, 24, 48 and 72 h by MA in a planetary ball mill (Fritsch “Pulverisette
5”) using hardened chromium steel vials and balls. The ball mass-to-powder mass
(BM/PM) ratio was about 20:1. Part of the final powders were used for be sintered
at 1,000◦C during 1 h. The MA powders and those obtained after sintering were
characterized by X-ray diffraction (XRD) using a Rigaku diffractometer with the
CuKα radiation and Mössbauer spectrometry (MS) by collecting the spectra at room
temperature (RT) with a conventional transmission spectrometer using a 57Co (Rh)
source and an α-Fe foil as calibration sample. The XRD patterns were refined by the
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Fig. 1 XRD patterns for
Fe70.0–Ni30.0 samples alloyed
during 10, 24, 48 and 72 h
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Rietveld Method using the MAUD program [21] and the Mössbauer spectra were
fitted by using the MOSFIT program [22].

3 Experimental results and discussion

Figure 1 illustrated the XRD patterns of the 30.0 at.% Ni samples milled during
different times and then sintered. It can be noted the coexistence of two phases in
all the studied samples, BCC and FCC and no appreciable changes with the milling
time can be observed. In some sintered samples small quantities of FeO and Fe3O4

oxides appear. Different microstructural models were proposed for the refinement
of the patterns and the better description is obtained assuming pseudo-cubic grains
for BCC and FCC phases.

Figure 2 shows the behavior of the volumetric percentage of the detected
phases as a function of the Ni concentration. The coexistence of the BCC and
FCC phases is obtained for all the samples and of the FeO and Fe3O4 oxides in
some ones.

The comparison between the obtained grain sizes for the BCC and FCC phases
of the samples obtained by MA and those sintered is shown in Fig. 3. Clearly it
can be noted that the grain sizes of the sintered samples (between 20 and 40 nm)
are larger than that obtained for the AM samples (between 8 and 20 nm). This
enhancement of the grain size is induced by the thermal treatment. Besides, the
grain size systematically decreases between 10 and 48 h of mill and then it increases
between 48 and 72 h. The reduction of the grains of the phases BCC and FCC can be
related with the presence of oxides, which increase the fragility of the particles of the
powder.

Figure 4 shows the behavior of the volumetric percentage of the detected phases
as a function of the milling time for the samples with 22.5 and 40.0 at.% Ni
MA and sintered. It can be noted that the BCC and FCC phases coexist for
the sample with x = 22.5, the content of which decreases and increases as the Ni
content increases, respectively. For the sample with x = 40.0 the BCC phase is not
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Fig. 2 Phase proportions
obtained from the XRD
patterns of the Fe70Ni30 MA
and then sintered samples
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Fig. 3 Grain size vs. milling
time of the Fe–Ni (BCC) and
Fe–Ni (FCC) phases obtained
from the refinement of the
XRD patterns of MA, and MA
plus sintering Fe70Ni30
samples
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detected. Some samples show the FeO and Fe3O4 oxides, which must be due to
fails in the Argon flux during the thermal treatment and/or trapped air inside the
powders.

The RT Mössbauer spectra which are presented in Fig. 5 were fitted following a
recent method proposed for this type of samples [20], which include two hyperfine
magnetic field distributions (HMFDs) and a singlet, in addition to a small preferential
orientation of the Fe magnetic moments. Some samples shows the paramagnetic
doublet corresponding to FeO and two sextets corresponding to the ferrimagnetic
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Fig. 4 Phase proportions vs.
milling time obtained from
XRD patterns for the
Fe77.5Ni22.5 and Fe60.0Ni40.0
sintered samples
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Fe3O4 phase in according with XRD results. The best agreement between the
experimental and the calculated spectra was obtained when a maximum field of
about 32T was taking for the FCC HMFD, a small overlap between the HMFDs
was permitted and two different isomer shifts values were used. Finally, the single
line is due to the FCC Fe–Ni paramagnetic grains with high Fe content [8, 11, 21]. It
can be noted also that for the sample with lower Ni content (22.5 at.%) the bigger
contribution to the spectral area corresponds to the HMFD of the BCC phase. For
the case of the sample with bigger Ni content (40 at.%) the mayor spectral area
corresponds to the HMFD of the FCC phase. The MS results obtained for the
samples with x = 22.5 and 30 are in according with those obtained by XRD. For
the x = 40 sample the BCC ferromagnetic phase was detected by MS and was not
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Fig. 5 RT Mössbauer spectra of Fe77.5Ni22.5, Fe70.0Ni30.0 and Fe60.0Ni40.0 sintered samples

detected by XRD. Then this phase appears with a volume fraction lower than 2%,
but this phase presents more Fe content than that of the FCC phase explaining in this
way its appearing in the MS.
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Fig. 6 HMFDs obtained for
the Fe100−xNix samples with
22.5, 30.0 and 40.0 milled
during 10 h and sintered. The
lines are a guide for the eyes
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Figure 6 shows the HMFDs estimated from the proposed fit model and after
considering the texture effect. It can be noted two principal domains: the high field
component is attributed to the BCC Fe–Ni ferromagnetic grains [9], while the other
one (lower field values) is ascribed to the FCC Fe–Ni ferromagnetic grains [9].

4 Conclusions

The XRD and MS studies of samples of the Fe100−xNix system with x = 22.5, 30.0
and 40.0 prepared by MA, and MA and then sintering show that the structural
and magnetic properties of samples prepared by these two routes are very similar.
However, two differences can be detected as a consequence of the heat treatment: it
stabilize the FCC phase and increase the grain size. These small differences permit to
conclude that the MA samples of the Fe–Ni system will preserve their magnetic and
structural properties if they will be compacted and sintered in order to manufacture
pieces for different applications.
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