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Abstract
In this paper, Fe50Se50 alloy powders were synthesized from pure elemental powder by mechanical allowing. The structure,

microstructure, morphology, chemical composition and thermal behavior at a function of milling times (0–39 h) were

investigated by X-ray diffraction (XRD), scanning electron microscopy attached with energy-dispersive spectroscopy and

differential scanning calorimetry (DSC). In addition, the interaction hyperfine and magnetic proprieties was examined by

transmission Mössbauer spectroscopy (TMS) and thermomagnetic measurements (VSM) respectively. For milling times up

to 6 h, the results of refinement of the X-ray diffraction pattern by MAUD software reveal the formation of the b-FeSe

hexagonal, amorphous selenium and nanocrystalline a-Fe. The DSC curves show several exothermic and endothermic

peaks associated with various phases’ transitions such as the exothermic peak at 103 �C related to crystallization amor-

phous selenium. However, after prolonging the milling time to 39 h, the XRD shows the formation of a-FeSe phase

tetragonal which has plenty of technological interests especially the superconductivity. The Mössbauer spectroscopy

confirmed the formation the two-phase paramagnetic hexagonal b-FeSe and a-FeSe tetragonal, according to the XRD and

DSC. Measurement of magnetization (VSM) displays that saturation magnetization (MS) decreases as the milling time

increases.
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Introduction

The iron selenide, (FeSe) alloys, received great attention of

researches due to its electrical, optical and magnetic

properties [1, 2]; the Fe–Se alloys are usually structured in

several crystalline forms, such as FeSe2 that has an

orthorhombic marcasite structure, the hexagonal Fe7Se8

phase, b-FeSe phase with hexagonal NiAs-type structure,

a-FeSe phase with tetragonal PbO-like structure and

monoclinic Fe3Se4 phase. The various structures give very

interesting properties that make iron selenide a very

promising alloy for applications in different fields in the

industry especially in equipment for solar cells [3],

superconductivity and in optoelectronics [4].

It is known that Fe–Se alloys can be prepared by various

techniques, spray pyrolysis [5, 6], selenization of iron films

[7], hydrothermal method [8], metal organic chemical

vapor deposition [9], microwave synthetic method [10] and

solid-state reaction [11]. Several researchers have devel-

oped Fe–Se alloys by mechanical allowing [12–15],

because of the considerable difference between their

melting temperature iron (1535 �C) and selenium (217 �C)

which makes it difficult to get Fe–Se alloy structures at a

precise ratio by these techniques. Among them, the

mechanical alloying (MA) technique has advantage of

simplicity, which is considered the most interesting useful

tool for the development of nanostructured alloys from
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elemental powders [16]; the materials obtained by this

method are homogeneous and are in the form of powders,

for that reason it is easy to industrialize by powders met-

allurgy. Because of repeated shocks and under the effect of

forces, the powders are subjected to significant plastic

deformation and are deformed, cold-welded and repeatedly

fractured; the high-energy ball-milling technique is used

for refining the microstructures and furthermore for acti-

vating chemical reactions between elements. The interdif-

fusion between elements can be facilitated by the creation

of structural defects, where the repeated shocks between

balls powders and the inner wall of the vial create

numerous crystalline defects as grain boundaries, vacan-

cies, interstitials and dislocations.

In this work, we aim to develop nanostructured powders

of Fe50Se50 composition by mechanical allowing. Our

select composition Fe50Se50 in this research is different

from compositions investigated in the precedent papers.

Therefore, effect of milling times (0–39 h) in structure,

microstructure, thermal and magnetic properties of the

Fe50Se50 powders was studied.

Experimental

Materials and methods

Elemental powders of Fe (99.98%, particle size * 10 lm)

and Se (99.5%, particle size * 10 lm) were weighted and

mixed in proportions corresponding to the nominal com-

position Fe50Se50 (at.%) and ball-milled at room tempera-

ture under argon atmosphere using a planetary ball mill

(Fritsch Pulverisette 7). The ball-to-powder mass ratio was

10:1, and the rotation speed was 600 rpm. To avoid

excessive heating during MA, each 30 min of MA was

followed by a pause of 15 min. Phases identification and

microstructure change (crystallite size, microstrains and

lattice parameter and relative fraction) of milled powders

were performed with X-Ray diffraction (XRD) using

Panalytical X’pert powder diffractometer, with Cu Ka
radiation k ¼ 0:15481 nm in 2h range 10�–120� in Bragg–

Brentano geometry.

The diffraction patterns were refined with the help of

MAUD program [17]; the refinement is based on Rietveld

method [18, 19]. The morphology and composition studies

of the powders were examined by scanning electron

microscopy (SEM) using DSM 96030 microscope attached

with energy-dispersive spectroscopy (EDS). The thermal

behavior of the milled powders was analyzed by using

DSC with a PerkinElmer DSC7 under argon atmosphere, in

the temperature range 30–600 �C, at a heating rate of

10 �C min-1. The magnetic properties were carried out by

using vibrating sample magnetometer (VSM) at room

temperature within an external field up to 10 KOe. Möss-

bauer spectroscopy is a method of studying hyperfine

structures and magnetic properties of alloys based on iron.

The Mössbauer spectra measurement was taken in the

transmission mode with 57Co diffused into an Rh matrix as

the source moving with constant acceleration. The spec-

trometer (Wissel) was calibrated by means of a standard a-

Fe foil, and the isomer shift was expressed with respect to

this standard at 293 K. The samples were measured at

room temperature. The fitting of the spectra was performed

with the help of the NORMOS program by using Lor-

entzian profiles.

Results and discussion

Scanning microscopy and analyses

The variation in the morphology and composition of the

particles during the mechanical alloying processes were

followed by SEM/EDS. Figure 1 displays the morphology

evolution of the Fe50Se50 powders before and after 3, 6, 12,

24 and 39 h of milling. As can be observed, different forms

and morphologies of the particles are noted because of the

repetition of the phenomena of fracture and welding during

milling; for un-milled powders, the shapes are identical;

Fig. 1 SEM micrographs of Fe50Se50 powders prepared by mechan-

ical alloying before and after different milling times

54 A. Chebli et al.

123



shape of some particles is irregular spheres. At 3 h of

milling, we see the appearance of flattened form and large

particles indicate that the welding phenomenon is domi-

nant. In addition, some with a lamellar structure formed of

alternating arrangement of Fe and Se layers. During milling

and under the effect of repeated shocks between the par-

ticles and balls–balls and the inner wall of the vial, the

lamellar structure is destroyed and refined and becomes

small particles with different forms.

After 6 h of milling, the morphology of the powders

looks small and homogeneous in size, we continue milling,

the powders are subjected to repeated flattening, fracturing,

and re-welding, and the particles will undergo more and

more plastic deformation, which leads to a change in their

morphology.

For all time of milling 12 h to 39 h, the milled powders

show an agglomeration of the particles and fine particles

with irregular contours or not homogeneous but with a size

distribution; the competition between cold welding and

fracturing among the powders is answerable for morpho-

logical changes that appear in them.

EDS analysis in (Fig. 2) shows energy peaks correspond

to the elements in the sample Se and Fe; they are narrow

and strong; the ratios 32.79: 29.86 and 33.37: 32.27 for 6 h

and 39 h of the milling, respectively, show the homo-

geneity of the composition Fe50Se50. The EDS measure-

ment reflects no contamination by milling tools and the

presence of carbon due to the sample holder of the device.

The oxygen is present only on the surface, not up to the

reaction with Se or Fe.

X-ray diffraction and analyses

The structural evolution of the Fe50Se50 powders during

milling process has been investigated by XRD (Fig. 3).

For powder un-milled mixture, the XRD pattern indi-

cates the characteristic Bragg lines corresponding to pure

iron a-Fe (card PDF No 00-006-0696 with lattice param-

eter a = 0.2866 nm and space group Im3m) and Se trigonal

(card PDF No 00-006-0362 with lattice parameter

a = 0.4355 nm and c = 0.4948 nm and space group

P3221). After 3 h of milling, the crystalline peaks of

selenium disappeared, indicating the formation of the

amorphous selenium phase (partial amorphization);

simultaneously, the peaks of the iron are broadened and

their intensity decreases; however, the new diffraction

peaks at 2h * 28�, 30�, 42�, 50.50� and 68� are corre-

sponding to the formation of the phase b-FeSe (space

group P63/mmc) hexagonal (NiAs-type). It is well known

according to the literature that ball milling of pure trigonal

or hexagonal selenium promotes a phase transformation

from the crystalline to amorphous state after few hours of

milling [20, 21] which could be responsible for the absence

of Se peaks; from the XRD analysis we can state that part

of the Se is now amorphous, and the rest of the selenium is

reacted with iron and the b-FeSe phase is formed. As

milling progressed to 6 h, we can see evolution of

diffraction peaks associated with b-FeSe; for milling times

above 6 h, XRD pattern shows that the peaks began to

broaden gradually and that intensity changes but inversely

with increasing milling time. The broadening of the Bragg

peaks and the decrease in their intensity are attributed to

the decrease in grain size and to the internal strains induced

by the high density of dislocations produced during the

plastic deformations. In addition to the effect of hetero-

geneities chemicals, they are at a sufficiently scale fine;

they cause local variations in lattice parameters and con-

tribute to the broadening of peaks.

During the development of iron selenide system, various

phases can be formed; according to Okamoto [22], the Fe–

Se alloys system can structure in eleven crystalline dif-

ferent phases that complicates the identification of their

structure after elaboration. The appearance of new

diffraction peaks for powder milled at 39 h indexed to a-

FeSe phase with tetragonal structure PbO-like (space group

P4nmm). The emergence the a-FeSe, explain the transition

or decomposition some b-FeSe to a-FeSe, the phase tran-

sition during mechanical allowing can be explained by the

changes of Gibbs free energy [23]. In addition, the

tetragonal phase formed at higher temperatures, by com-

parison of the formation temperature of the hexagonal

phase.

According to Grivel et al. [24], the formation of b-FeSe

phase from Fe and Se requires the formation in succession

of different phase’s intermediate products and b-FeSe

transforms into d-FeSe around at 500 �C.

The tetragonal a-FeSe or b-FeSe phase-type PbO

[25–29] is attracting the interest of scientists and

researchers because of its outstanding electrochemical and

magnetic properties [30, 31], especially after the discovery

of its superconductivity feature [25].

X-ray diffraction (XRD) pattern analysis is not only

applied for the identification of crystalline structures but

also to determine the microstructural parameters of

nanomaterials.

Figure 4 shows the Rietveld refinements of the experi-

mental spectra of un-milled powders that have been made

by introducing two phases: Fe (card PDF No 00-006-0696,

with a lattice parameter a = 0.2865 nm) and Se trigonal

(card PDF No 00-006-0362, with lattice parameter

a = 0.4355 nm and c = 0.4948 nm).

The disappearance or emergence of Bragg peaks, for

milling times 3 h at 6 h, is attributed to the formation of

new phases. The milling process causes the accumulation

of defects point and linear, such as vacancies; dislocations

inside the particles lead to interdiffusion between elements
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Fig. 2 EDS microanalysis

corresponding to 0, 6, and 39 h

milling
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at solid state, which lead to the phase formation. The best

Rietveld refinements (Fig. 5) are obtained by amorphous-

like phase Se, nanocrystalline Fe and b-FeSe hexagonal

NiAs-type structure. For 39 h of milling, the Rietveld

refinement (Fig. 6) is realized with two nanostructured

phases, hexagonal b-FeSe and a-FeSe tetragonal and also

the nanocrystalline Fe. Owing to the broadening of the

diffraction peaks and the decrease in their intensity with the

increase in milling time, which to an explanation by the

reduction in the size of the grains or crystallite and the

increase in the micro-deformation, for all the Rietveld

refinement of spectra we used the model Popa rules.

The Rietveld refinement of Fe50Se50 mixtures permitted

to well estimate the lattice parameters, average crystallite

size \D[, microstrains \ r2[1/2, and percentage of

phases formed as a function of the milling times, and

(Table 1) grouped all the parameters that are deduced from

the refinement. Our results are in agreement with the ones

reported for the Fe–Se system elaborated by chemical

vapor deposition [32], in which the superconducting

tetragonal and hexagonal phases were formed. Moreover,

Chen et al. [33] reported the formation of the tetragonal a-

FeSe (a = b = 3772 Å and c = 5522 Å) by solid-state

reaction.
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Harris et al. [34] and Zhang et al. [35] found that the two

phases: tetragonal a-FeSe and the hexagonal b-FeSe, grow

simultaneously.

The average crystallites size \D[ decreases speedily

during the first hours of milling, to attain a value of

25 ± 5 nm after 39 h of milling for the a-Fe. Thus, the

average size of the crystallite obtained by MA depends on

the milling conditions, especially the type of high-energy

ball mill, the number and the diameter of the balls, the ratio

mass of powders/balls, atmosphere of milling and the

milling intensity.

On the other hand, the microstrain average (\ r2[1/2)

changes in the same way as the size of the crystallite, but

inversely they increase speedily during the first hours of

milling and arrive at value of 0.9 ± 0.1% after 39 h of

milling.

Mössbauer spectroscopy

The hyperfine interaction was investigated by transmission

spectrometry Mössbauer using 57Co source at room tem-

perature. The fitting of the experimental spectra was per-

formed by using NORMOS program [36] which operates

Lorentzian profiles. Mössbauer spectra of samples Fe50Se50

at different milling times are presented in Fig. 7. For mil-

ling times 3 h and 24 h, the Mössbauer spectra contain two

components. One component is sextet (subspectrum 1—

sextet) which corresponds to the a-Fe with a mean

hyperfine field (Bhf) equal to 33 T, and the intensity of

sextet decreases as the milling time increases. Another

component (subspectrum 2—doublet) is a doublet which is

paramagnetic with isomer shift d = 0.43 at 0.46 mm s-1

and is attributed to phase b-FeSe [35]; their intensity

increases with milling time increase, according to the work

of Sklyarova et al. [37].

After prolonging the milling time at 39 h, the Möss-

bauer spectra present paramagnetic behavior with some

trace of iron magnetic; it is composed of two doublets

(subspectrum 2 and subspectrum 3), and one sextet (sub-

spectrum 1—sextet), that the second doublet is corre-

sponding to the tetragonal phase a-FeSe with isomer shift

d = 0.5400 mm s-1.

Blachowski et al. [38] reported that the isomer shift of

the tetragonal a-FeSe phase, obtained from the direct

reaction between Fe and Se, varies from 0.5476 (120 K) to

0.5640 (4.2 K). This is in accordance with our results.

Furthermore, Mizuguchi et al. [39] showed a paramagnetic

behavior of the tetragonal phase FeSe, with the doublet of

isomer shift; d or IS = 0.5380 mm s-1.

In Table 2, we have illustrated the hyperfine parameters

of all phases determined from Mössbauer spectra (site or

subspectrum, isomer shift (d), relative area, quadruple shift

and hyperfine magnetic field Bhf). As the milling times

increase, the relative fraction of the iron phase decreased

and simultaneously the relative area of the phases formed

via the milling process increases, in accordance with the

results found by using XRD.

Table 1 Phases and structural parameters derived from Rietveld refinement of XRD patterns for Fe50Se50 for different milling times

Milling time/h Phases Lattice parameters/Å \D[ (± 5)/nm \ r2[1/2(± 10-1)/% Relative fraction/%

a (± 5.10-3) b (± 5.10-3)

0 Se a = 4.3155 b = 4.4949 * 100 50

Fe a = 2.8599 * 100 50

3 Se(amorphous) * 2 35 20

Fe a = 2.8560 76 38

b-FeSe a = 3.6258 b = 5.8939 55 42

6 Se(amorphous) * 2 56 04.01

Fe a = 2.8561 52 45.27

b-FeSe a = 3.6285 b = 5.8521 75 50.74

12 Fe a = 2.8627 45 66 39.51

b-FeSe a = 3.6285 b = 5.8521 42 60.49

24 Fe a = 2.8628 35 81 33.31

b-FeSe a = 3.6237 b = 5.8709 33 66.69

39 Fe a = 2.8630 25 91 8.77

a-FeSe a = 3 .7720 b = 3.5220 45 32.31

b-FeSe a = 3.6396 b = 5.8607 28 57.92
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Magnetization measurements

The variation in the magnetic proprieties is due to the

structure and microstructure, and they are ascribe to

properties of nanomaterial, especially important grain

boundaries surface area which contains a large fraction of

atoms [40].

The magnetic hysteresis loops, taken at room tempera-

ture, for samples collected after 6, 12, 24 and 39 h of

milling are presented in Fig. 8. From 6 h up to 12 h of

milling, all of them have similar shapes; the sigmoidal

hysteresis cycles are usually observed in nanostructured

powders with short magnetic domains. This is owing to

the presence of structural distortions insides particles. The

small cycles hysteresis losses the proprieties generally

desired in soft magnetic materials. Figure 9 displays the

variation of HCI at all stage of milling. As can be seen,

HCI increases when milling time increases; the HCI

gradually increased with increasing mechanical alloying

and peaked at * 4.38 ± 0.2 Ka m-1. Increasing is

maybe due to the decreasing crystallite and particle size,

increasing lattice strain and redistribution of Fe and Se

elements to facilitate phase change (s) during alloy for-

mation. Figure 10 shows the variation of the saturation

magnetization as a function of milling time, and a

decrease in MS from 0.85097 to 0.41530 emu g-1 after

39 h of milling is observed.

A recent research carried out on FeNi has shown that

the saturation of magnetization (MS) is dependent on the

crystallite size and particle size [41], and the milling

under argon atmosphere appeared to have a stronger

influence on the (MS), compared to the milling media

[42].

DSC measurements

Figure 11 shows the DSC curves of powders milled at 3,

6, 12 and 39 h obtained by using heating rate

10 �C min-1. The exothermic peaks located at 98–99 �C
for powders milled 3 h and 6 h, respectively, correspond

to the crystallization of amorphous selenium produced by

the milling process. The formation of amorphous sele-

nium phase in the Fe50Se50 mixture was confirmed by

X-ray diffraction. This exothermic peak was also

observed in the results of Chebli et al. [43]; however, the

endothermic peak found at 54–55 �C is attributed to the

glass transition of selenium (Tg), in agreement with the

published literature [44]. Therefore, the peaks located at

150 �C and 280 �C for sample milled 3 h represent the

structural relaxation of b-FeSe hexagonal and a-Fe

nanostructured [43], confirming XRD results. The DSC

curves also show an endothermic peak, at 221–224 �C,

that corresponds to the selenium melting temperature, in

close agreement with the temperature of the selenium,

217 �C. The same phenomena have been found by

Liu et al. [45], showing the mixture of FeSe and

FeSe0.7Te0.3, the emergence of an endothermic peak at

217–225 �C. At 6 h of milling, the exothermic stress

relaxation process does not appear. This effect is probably
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Fig. 7 Mössbauer spectra of Fe50Se50 powder mixtures milled for 3,

6, 12, 24 and 39 h
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due to the stress release associated with the amorphous

phase disappearance (between 3 and 6 h of milling the

amorphous Se phase percentage is reduced from 20 to

4 at.%). For the milling time 39 h, the DSC curve shows

an exothermic peak at 368 �C that attributed to the

tetragonal FeSe phase, in agreement with the results

obtained by Zhang et al. [46]. The endothermic peak at

480 and 482 �C, for milling time 12 h and 39 h, respec-

tively, is related to decomposition of the b-FeSe phase.

The DSC curve at 6 h of milling shows a broad

endothermic peak at 520 �C, which is probably due to a

solid-state transformation (b-FeSe transform to d-FeSe)

[12, 24]. The results obtained by the thermal analysis are

consistent with those obtained by XRD and Mössbauer

spectroscopy.
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Table 2 The hyperfine parameters of all phases determined from Mössbauer spectra for Fe50Se50 powders for different milling times

Milling

time/h

Isomer shift d
� ¼ 0:02/mm s-1

Quadrupole splitting DEQ

� ¼ 0:02/mm s-1
Hyperfine field BHf

� ¼ 0:02

FWHM

� ¼ 0:01/mm s-1
Relative area

� ¼ 1/%

Phase

0 Subsp. 1 0,00 0,00 33,0 0,27 100 a-Fe

3 Subsp. 1 0,00 0,01 33,0 0,26 72 a-Fe

Subsp. 2 0,43 0,45 N/A 0,52 28 b-FeSe

6 Subsp. 1 0,00 0,00 33,0 0,27 56 a-Fe

Subsp. 2 0,43 0,35 N/A 0,71 44 b-FeSe

12 Subsp. 1 0,00 0,00 33,1 0,27 54 a-Fe

Subsp. 2 0,43 0,55 N/A 0,67 46 b-FeSe

24 Subsp. 1 0,00 0,01 33,2 0,26 50 a-Fe

Subsp. 2 0,44 0,28 N/A 0,49 50 b-FeSe

39 Subsp. 1 0,00 0,01 33,2 0,2 19 a-Fe

Subsp. 2 0,46 1,53 N/A 0,71 39 b-FeSe

Subsp. 3 0,54 0,84 N/A 0,88 42 a-FeSe
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Fig. 10 Plots of intrinsic coercivity (HCI) at various milling times of

Fe50Se50 powders
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Conclusions

The morphology, structure, thermal behavior, and magnetic

and hyperfine proprieties of the iron selenide Fe50Se50

powders obtained by mechanical allowing have been

studied by means of X-ray diffraction, scanning electron

microscopy coupled with microanalysis (EDS), scanning

calorimetry, vibration scanning manometer and Mössbauer

spectroscopy, the mechanical allowing of elemental Fe and

Se powders in high energy in Fe50Se50 composition

resulted in the formation nanocrystalline alloys. The Riet-

veld refinement of XRD patterns for powders form 3 h and

6 h indicates Fe nanostructured, b-FeSe and Se amorphous.

For 39 h, the XRD reveals FeSe tetragonal phase.

MS confirmed the presence of two phases, the tetragonal

FeSe phase and the hexagonal phase with paramagnetic

behavior in Fe50Se50 powders synthesized by high-energy

mechanical alloy. The DSC curves show several

endothermic and exothermic peaks, corresponding to glass

transition, crystallization, melting and phases relaxation.

The results extracted from XRD, DSC and MS are in very

good mutual agreement.
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