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Abstract

FesoSeso alloys has been produced from the elementary powders in a high-energy ball mill.
The influence of milling times on the microstructures, structure and thermal proprieties have
been studied by scanning electron microscopy (SEM) coupled with (EDS) microanalysis, X-
Ray diffraction (XRD) and differential scanning calorimetry (DSC).

The interaction hyperfine and magnetic proprieties are investigated by transmission
Maossbauer spectroscopy (TMS) and thermomagnetic measurements (VSM) respectively. For
milling times up to 6 h, the Rietveld refinement of the X-ray diffraction spectra shows the
formation of the hexagonal B-FeSe phase, amorphous selenium and also nanocrystalline a-Fe,
the (DSC) curves shows several exothermic and endothermic picks, such as the crystallization
the selenium amorphous at 103°C For milling times 39 h; the XRD shows the emergence of
new phase, also in nanometric scale, a typical of a-FeSe phase tetragonal which has
technological interest because is a superconducting phase.

The Mossbauer spectroscopy confirmed to formation the two phase’s paramagnetic hexagonal

B-FeSe and «a — FeSe tetragonal, in according the XRD and DSC. Measurement of



magnetization (VSM) shows that saturation magnetization (Ms) decreases by increasing the
time of milling.

Keywords: FeSe alloys; X-Ray diffraction; nanostructured materials; Magnetic proprieties;
Mechanical alloying.

1 Introduction

The Iron Selenide, (FeSe) alloys, attracts more and more considerable attention of researches
due to its electrical, optical and magnetic proprieties[1-2], the FeSe alloys are usually
structured in several crystalline forms, such as FeSe; that has an orthorhombic marcasite
structure, the hexagonal FesSeg phase, 3 —FeSe phase with hexagonal NiAstype structure,a —
FeSe phase with tetragonal PbO-like structure and monoclinic Fe3Ses phase, the various
structure gives very interesting properties that make iron selenide a very promising alloy for
applications in different fields in the industry for example solar cells [3], superconductivity
and in optoelectronics [4].

FeSe samples can be prepared by various techniques spray pyrolysis [5-6], selenisation of iron
films [7], hydrothermal method [8], metal organic chemical vapor deposition [9], microwave
synthetic method [10] and solid-state reaction [11]. Many works have been done to obtain
FeSe using mechanical alloying[12-15], owing the large melting points of iron 1535 °C and
selenium 217°C can be the volatilization of Se, makes obtaining difficult the Fe-Se alloys
structure at specific stoichiometry by these techniques.

The mechanical alloying (MA) technique was considered as the most useful tool for the
development of nanostructured of variety of alloys elementary powders [16]. The materials
obtained by this technique are homogeneous and are in the form of powder, therefore easy to
industrialize by powder metallurgy, during (MA), the powders particles are subjected to
severe plastic deformation and are repeatedly deformed, cold welded and fractured, the high-

energy ball-milling process used for refining of microstructure, also for inducing chemical



reactions between elements chemical. The interdiffusion 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, creates numerous crystalline defects as grain boundaries, vacancies,
interstitials and dislocations.

In this work, we targeted the development of nanostructured powders of FesoSeso composition
by mechanical allowing in high energy Ball-Milling, the samples obtained were characterized
by X-ray diffraction (XRD), differential scanning calorimetry (DSC), scanning electron
microscopy (SEM) coupled with (EDS) microanalysis. Transmission Mdssbauer spectroscopy
(TMS) and magnetization measurements (VSM), whose objective is to determine the
structural, magnetic and thermal properties of milled mixtures.

2 Experimental

2.1 Materials and methods
High purity Fe and Se powders (99.98at. %, particle size ~10um) and (99.95at. %), particle

size ~10um) respectively were used to synthesize FesoSeso nanostructured powders in a
Pulverisette P 7 planetary ball-mill. The powder-to-ball ratio for the mechanical alloying was
1:10. To prevent any oxidation of powders, loading, sealing, and unloading of powders into
and from the vial were carried in high purity argon atmosphere. The milling process was
interrupted after every 30 minutes of milling for 10 minutes, to avoid the elevation of the
temperature in the interior of the vial, in order to minimize the cold welds between the powder
particles and the wall of the vial.

Structure of powders were performed with X-ray diffraction (XRD) using SIEMENS

D501diffractometer (with CuKa radiation Axg = 0.154185 nm in a 8 — 26 geometry). In order

to perform the analysis, XRD patterns were analyzes using MAUD program [17], which is
based on the Rietveld and Warren-Averbach methods in combination with Fourier analysis

[18-19]. The procedure consists in modeling the diffraction profiles by analytical functions in



order to characterize the microstructure of the powders. During fitting procedure, the
background and peak profiles for all phases are evaluated.

The morphology of the powders was followed by scanning electron microscopy (SEM)
(Model: JEOL JSM-6360) equipped with a thermo electron corporation energy dispersive X-
ray detector (EDS) for compositional chemical analysis. The thermal analysis of the milled
powders was made by DSC using a Perkin—Elmer DSC 7, were carried out from 30 °C to 600
°C in continuous heating mode (10 °C/min) under a pure argon atmosphere. The magnetic
properties was identified in a vibratory sample magnetometer (VSM) at 300k in an external
field up to 10KOe such as the intrinsic coercivity (Hci) and the saturation magnetization (Ms)
are discussed as a function of milling time.

The technique of Mdssbauer spectroscopy is widely used to investigate the magnetic
properties and hyperfine interaction, the Mdssbauer spectra measurement was done in the
transmission mode with >’Co diffused into Rh matrix as the source moving with constant
acceleration. The spectrometer (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 using Lorentzian profiles.

3.1 Scanning microscopy and analyses

The morphological evolution of the FesoSeso powder particles as a function of the milling time
is shown in Figl. As can observed a change in the shape of the particles because of the
repetition of the phenomena of fracture and welding during milling, for un-milled powders,
the shapes are identical, some particles one is a form of spheres irregular. At 3h of milling, we
see the appearance of flattened forma and large particle, which shows the phenomenon of
welding, is the dominant. 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 particles and balls-balls and the inner wall of the vial, the lamellar structure is
destroyed and refined and becomes small particles with different sizes depending on the time
of milling and the power of shocks.

After 6 hours 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 12h at 39h, the milled powders show an agglomeration of the particles
and fine particles with irregular contours or not homogeneous but with a size distribution, the
balance between cold welding and fracturing among the powders is responsible for
morphological changes that occur 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 ratio 32.79: 29.86 and 33.37: 32.27 for 6h and 39h the
milling respectively shows the homogeneity of the composition FesoSeso. The EDS
measurement reflect that no contamination by milling tools and the presence of carbon due to
the sample holder of the device. The oxygen present only on the surface, not up to the reaction

with Se or Fe.
3.2 X-Ray diffraction and analyses

The structural evolution of the powders FesoSeso during milling process has been investigated
by XRD. Fig 3 shows the X-ray diffraction patterns of samples at different milling times.

For powders un-milled we distinguish the peaks of Bragg corresponding the crystalline
structures of iron a — Fe (Ref. Code 00-006-0696) and selenium trigonal (Ref Code 00-006-
0362). The peaks of selenium disappeared at 3h of milling, 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 with hexagonal (space group P63/mmc) NiAs type nanostructured structure



is formed. Likewise, the peaks of iron phase are broadened and their intensity is reduced. For
the powder milled 6 hours, we distinguish the evolution of the peaks of the B-FeSe phase, and
the progress of milling above 6h at 12 and 24h causes a broadening and decrease intensity of
the peaks, usually indicates the reduction of crystallite size (L) and increase of microstrain
deformation (o).

During the development of system iron selenide, many phases can be formed, according to
Okamoto [20] the FeSe alloys system can structure in eleven crystalline different phases that
complicates the study of their structure after elaboration.

And the new diffraction peaks for powder milled at 39h indexed to a-FeSe phase
nanostructured with tetragonal structure PbO-like (space groupP4nmm), the emergence the a-
FeSe, explain the transition or decomposition some -FeSe to a-FeSe, the phase transition
during mechanical allowing can be explained by the changes of Gibbs free energy. [21]. In
addition, it is noted that the tetragonal phase is formed at higher temperatures, by comparison
of the formation temperature of the hexagonal phase.

According to J-C. Grivel et al [22], the formation B-FeSe phase from Fe and Se involves the
successive formation of different phase intermediate products and B-FeSe transforms into
6 —FeSe at ~500°C.

The tetragonal a-FeSe phase type PbO [23-24] mentioned by some others researchers B-FeSe
[25-27] represents an interesting type of material whose potential has been proven in many
fields because of its electrochemical properties [28] and the magnetic properties [29]
significantly the discovery of its superconductivity [23] generated more and more attention
for the preparation and the study of properties of this phase.

R.A.et al [30] developed FeSe system by chemical vapor deposition method; the crystalline
structures formed are the tetragonal and hexagonal superconducting phases in agreement with

our results found by XRD.



X-ray diffraction (XRD) pattern analysis is not applied only for the identification of
crystalline structures, but also to determine the microstructural parameters of nanostructured
materials. Fig 4 shows the Rietveld refinements of the experimental spectra of powders un-
milled, has been made by introducing two phases, Fe (Ref Code 00-006-0696) with a lattice
parameter a = 0.2865nm) and Se trigonal (Ref.Code00-006-0362 with lattice parameter a =
0.4355nm and ¢ = 0.4948nm).

For milling times 3h at 6h, the appearance or disappearance of peaks, due to the emergence of
new phases, which indicate the interdiffusion between Fe and Se, the best Rietveld
refinements (Fig 5) is obtained by amorphous-like Se phase, 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 ¢ — FeSe tetragonal and also the
nanocrystalline Fe. Because of the widening of the diffraction spectra and the decrease of
their X-ray intensity with the increase of milling time which to an explanation by the
reduction of the size of the crystalline size and the increase of the micro-deformation, for all
the Rietveld refinement of spectra we used the model Popa rules.

The best Rietveld refinement of mixtures FesoSeso, allowed us to well estimated the
lattice parameters, average crystallite size <L>, microstrains (<o >>!"?) and relative fraction of
phases formed as a function of the milling, and (Table 1) grouped all the parameters that are
deduced from the refinement. N. Chen et al [31], developed the tetragonal phase a-FeSe by
solid -state reaction, with a=b = 3,772A and b = 5,522 A according with our results.

S.B. Harris et al [32], are found that the two phases FeSe tetragonal and hexagonal are grown
simultaneously. S. Zhang et al [33], they found that the growth of the phase a-FeSe

tetragonal, accompanied by the presence of the structure B-FeSe hexagonal.



The average crystallites size <> decreases rapidly during the first hours of milling, and to
reach a value of 25 nm after 39 hours of milling for the @ — Fe. Thus, the average size of the
crystallite obtained by MA depends on the milling conditions, namely: the type of high-
energy ball mill, the number and the diameter of the balls, the mass ratio of powders / balls
and the milling intensity.

On the other hand, the microstrain average (<c»!?) vary in the same way as the size of the
crystallite but inversely: they increase rapidly during the first hours of milling and stabilize
around a stationary value of the order of (0.9 + 0.1%)).

3.3 Mossbauer Spectroscopy

The Méssbauer spectra measurement was done in the transmission mode with’’Cothe room
temperature. The fitting of the spectra was performed with the help of the NORMOS program
[34] using Lorentzian profiles. Mossbauer spectra of samples FesoSeso at different milling
time are shown in (Fig .7). For all milling times 3 h at 24 h, the Mdssbauer spectra showing
two components, a sextet corresponds the a — Fe (sub spectrum 1 — sextet) with a mean
hyperfine field Bn, equal 33T, sextet intensity decreases with increasing milling time, the
other component is a doublet which is paramagnetic at room temperature with isomer shift 0 =
0.43 at 0.46 mm/s, are attributed to phase B-FeSe (sub spectrum 2 —doublet) [33], their
intensity increases with increase milling time, in according with the work of A. Sklyarova, et
al [35].

For sample milled at 39h, Mdssbauer spectra contains tow doublets (sub spectrum 2and sub
spectrum 3), and one sextet (sub spectrum 1 —sextet), that the second doublet corresponding
the tetragonal phase a-FeSe with isomer shift 6=0.54mm/s.

A. Btachowski et al [36], are found tetragonal a-FeSe structure by applying direct reaction

between Fe and Se (in stoichiometric Fei04Se). The study by Mdssbauer spectroscopy at



different temperature shows that the isomer shift 6 is varied from 0.5476 (120k) to 0.5640
(4.2k), these results are in agreement with what we found.

The work of Y. Mizuguchi et al [37], MOssbauer spectra analyses shows the paramagnetic
behavior of the tetragonal phase FeSe, with the doublet of(isomer shift; 6 or IS = 0.5380mm /
s). The appearance of superparamagnetic, owing to formation of phases nanocrystallite, in
good agreement with the calculations from the XRD. The hyperfine parameters of all phases
determined from Mossbauer spectra (site or sub spectrum, isomer shift IS, hyperfine field By,
quadrupole splitting, and relative area) are given in (Table I1).The relative fraction of the iron
phase decreased by increasing the milling time, accompanied by the growth of the formed

phase, by interdiffusion between elements Fe and Se.
3.4 Magnetization measurements

The variation in the magnetic proprieties usually originate from the structure, microstructure
and they, are attributed to the important fraction atoms of atoms residing in the interfaces and
/ or grain boundaries, linking single-domain crystallites [38].

The magnetic hysteresis loops, taken at 300 K, for samples collected after 6h, 12h, 24h and 39
h of milling are presented in (Fig 8). From 6 up to 12h 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 de proprieties generally desired in soft magnetic
materials. The intrinsic coercivity (Hcr) values of the FesoSeso powders were measured at
various milling. Fig 9 shows the changes in the (H¢y) as a function of milling time. As can be
seen, (Hci) increases with increasing milling time, the (Hci) gradually increased with
increasing mechanical alloying and peaked at ~4.38 + 0.2ka/m. 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 formation. Fig 10: shows the variation of



the saturation magnetization as a function of milling time, it is observed a monotonic decrease
of (Ms) from 0. 85097 to 0. 41530 emu/g at 39 h of milling.

Recently T. Ashokkumar et al [39] in a study of an FeNi alloy obtained by ball milling have
shown that the saturation of magnetization (Ms) is dependent on the crystallite size and
particle size. A. Rathi et al [40], they showed that the milling under argon atmosphere

appeared to have a stronger influence on the saturation magnetization than the milling media.

3. 5 DSC Measurements.

Fig.11shows the DSC thermograms of powders milled at 3,6, 12 and 39hdetermined by using
heating rate 10°C/min. the exothermic peaks located at 98 -99°C for powders milled 3h and
6h respectively, that correspond to the crystallization of amorphous selenium produced by the
milling process. The formation of the amorphous phase of selenium in the FesoSeso mixture
was confirmed by X-ray diffraction. This exothermic peak was also observed in the results of
A. Chebli et al. [41]; however, the endothermic peak found at 54 - 55 °C is attributed to the
glass transition of selenium (7%), in agreement with the published literature [42]. Therefore,
the peaks located at 150°C and 280°C for sample milled 3h represent the structural relaxation
of B-FeSe hexagonal and o — Fe nanostructured [41], 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 G. Liu et al [43], showing the mixture of FeSe and
FeSeo7Teos, the emergence of an endothermic peak at temperatures 217-225°C. At 6h of
milling, the exothermic stress relaxation process does not appear. This effect is probably due
to the stress release associated to the amorphous phase disappearance (between 3 and 6h of
milling the amorphous Se phase percentage is reduced from 20 to 4 at%).

For the milling time 39h, the DSC curve shows, an exothermic peak at 368 °C, that is

attributed to the tetragonal FeSe phase, in agreement with the results obtained by S. Zhang et
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al. [44]. The endothermic peak at 480 and 482°C, for milling time 12h and 39h respectively,
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, probably due to a solid-state transformation (B-FeSe
transform to § —FeSe) [12, 22]. The results obtained by the thermal analysis are consistent

with those obtained by XRD and Md&ssbauer spectroscopy
4 Conclusions

The morphology, structure, thermal, magnetic and hyperfine proprieties of the iron selenide
FesoSeso powders obtained by mechanical allowing have been studied by means of X-ray
diffraction, scanning microscopy electronic coupled by microanalysis (EDX), scanning
calorimetry, vibration scanning manometer and Mdssbauer spectroscopy, the mechanical
allowing of elemental Fe and Se powders in High-energy in composition FesoSeso resulted in
formation nanocrystalline alloys. The Rietveld refinement of XRD patterns for powders form
3 at 6h indicates Fe nanostructured, B-FeSe and Se amorphous. For 39h, the XRD reveals
FeSe tetragonal phase.

MS confirmed the coexistence of two phases, the tetragonal FeSe phase and the hexagonal
phase with paramagnetic behaviour in FesoSeso powders synthesized by high-energy
mechanical alloy. The DSC thermograms show several peaks endothermic and exothermic,
corresponding to glass transition, crystallization, melting and phases relaxation. The results
extract from XRD, DSC and MS are in very good mutual agreement.

Acknowledgements

Financial support from High School of Technological Education (ENSET) —Skikda is

acknowledged.

11



Referances

[1]1X.J.Wu,D.Z.Shen,Z.Z.Zhang,).Y .Zhang, K.W.Liu,B.H.LiY.M.Lu,B.Yao0,D.X.Zahao,B.S.Li
,C.X.Shan,X.W.Fan.H.J.lin,C.L.Yang,Appl.Phys.Lett,90(2007)112105.
[2]1X.J.Wu,Z.Z.Zhang,J.Y .Zhang,Z.G.Ju,D.Z.Shan,B.H.Li,C.X.Shan
,Y.M.Lu,J.Cryst.Grouth,300(2007)483.

[3] B. Ouertani, J. Ouertfelli, M. Saadoun, B. Bessais, H. Ezzaouia ,J.C.Bernéde,

Sol. Energy Mater.Sol.Cells. 87, 1-4(2005) 501-511.

[4] S. Zhang, J. Liu, J. Feng, B. Shao, C. Li, P. Zhang J.Supercond Nov Magn 31-
9(2018)2747-2751.

[5] A. U. Ubale, Y. S. Sakhare, M. R. Belkhedkar, Mat Lette, 92(2013)111-114

[6] A. U. Ubale, Y. S. Sakhare Journal of physics and chemistry of solids 74-10(2013)1459-
1464

[7] RJin, K, Zhao.X. PuM. Zhang'F.CarrX.Yang'H.Kim'Y, Zhao, Mat Lett179(2016)179-181.
[8] A. Sobhani, M. Salavati-Niasari,J. Alloys Compd 625-15(2015)26-33

[9] Y.R.Tao, L. Fan, Z.Y Wu, X.C. Wu, Z.H. Wang J. Alloys Compd 751(2018)20-27

[10] M.L. L1, Q.Z. Yao, G.T. Zhou., S.Q Fu CrystEngComm, 12(2010,) 3138-3144.

[11] K. Onar, M. E. Yakinci, J. Alloys Compd 620-25(2015) 210-216.

[12] A. Chebli, A. Djekoun, J.J Sufiol, D. Nizilansky, Mat Chem phy 217(2018)477-485.
[13]J.Q. Feng, S.N. Zhang, J.X. Liu, C.S. Li, X.B. Ma, P.X. Zhang, Mater. Lett. 170
(2016)31-34.

[14] L. Xiaoting; G. Zhiming; L.Yongchang; M. Zongqing ;Y. Liming IEEE 22-6 (2012)

[15] K. F. Ulbrich, C. E. M. Campos RSC Adv &, (2018). 8190-8198

12



[16] O.D.Neikov,Handbook of Non-Ferrous Metal PowdersTechnologies and Applications2

edition (2019)91-124.

[17] L. Lutterotti, Acta Cryst. (Suppl.),54 (2000).

[18] H. M. Rietveld, J. Appl. Cryst, 65-71. (1969).

[19] R. F. Stewart, J. Bentley and B. Goodman, J. Chem. Phys, 63 (9), (1975). 3786-3793.

[20] H. Okamoto, J. Phase Equilib.12, 383 ( 1991).

[21] X. J. Xia, F. Q. Huang, X. M. Xie and M. H. Jiang, Europhys. Lett. 86, 37008 (2009).

[22] J. C. Grivel, A. C. Wulff, Y. Zhao, N. H. Andersen, J. Bednareik and M. V.
Zimmermann, supercond. Sci. Technol., 24 (2011) 015007

[23] F.C. Hsu, J.Y. Luo, K.W. Yeh, T.K. Chen, T.W. Huang, P.M. Wu, Y.C. Lee, Y.L.

Huang, Y. Y. Chu, D.C. Yan, M.K. Wu.PNAS 23, 105 (38) (2008) 14262-14264.

[24]P.H.Zahao,W.Yan,J.Y.Yang,Y.L.Ham,G.Aldica.V.Sandu,P.Badica,J.C.Nie, J.Supercond

Nov Magn, 25 (2012)1781-1785

[25]S. N. Zhang, B.M.Xiao,J.X.Liu,F.Q.Jian,S.L.Cheng,X.Ping Materials Science Forum,
Vol. 848 (2016) 657-663

[26]M. K. Wu, F. C. Hsu, K.W. Yeh, T. W. Huang, H. H. Chang, T.K. Chen,S.M. Rao,B.H.
Mok, C.L. Chen, Y.L. Huang, C.T. Ke, P.M. Wu, A.M. Chang, C.T.Wu, T.P. Perng Physica
C, 469 (2009) 340-349.

[27]S. Zhang, J. Feng, J. Liu, B. Shao, C. Li, P. Zhang, IEEE App Sup. Cond, 27- 5(2017)1-4.
[28]Y.Takemura, H.Suto,N. Honda,K. Kakuno, K.Saito, J,Appl.Phys, 81(1997)5177.

[29]Y. Takemura, N. Honda, T. Takahashi, H. Suto, and K. Kakuno, J. Magn. Magn. Mater.
181, (1998) 1319-1320

[30]R. A. Hussain,A. Badshah,B. La, J solid state chem 243(2016)179-189

[31]N.Chen, Z.Ma, Y.Liu, X.Li, Q.Cai, H.Li, L.Yu, J.Alloys Compd 588(2014)418-421.

[32]S.B.Harris, R.P. Camata, J Cryst Growth (2019) In Press Accepted Manuscript

13



[33]S. Zhang, B. Shao,G. Zahao, J. LiuJ.Feng.C. Li, P. Zhang, J. Alloys Compd,

729(2017)823-827.

[34] R.A. Brand, Normos Mossbauer fitting program, Nucl. Instrum. Methods B28

(1987) 398.

[35].A.Sklyarova,].Lindén,G.C. Tewari,E.L.Rautama,M.Kappinen,Heperfine

Interact226(2014)341-349.

[36]A. Btachowski, K .Ruebenbauer, J. Zukrowski, J. Przewoznik, K.Wojciechowski and
Z.M.Stadnik,J. Alloys Compd. 494 (2010).1-4

[37]Y.Mizuguchi,T. = Furubayashi,K. = Deguchi,S.Tsuda,T.Yamaguchi,Y.Takano,Physica
C470(2010)5383-5339.

[38]S. Khosravi,M.Alizadeh,S.Sharafi,H.K.Maleh,N.Atar,Powder =~ Technology, 279
(2015)662-668

[39]T. Ashokkumar,A.Rajadurai,Gouthama,Subash C.B Gopinath, J magnetism and magnetic

Materials 465(2018)621-625.

[40]Anuj Rathi, Vamsi M. Meka, Tanjore V. Jayamam. J.Mag Mag Mat 496(2019)469-482.

[41] A. Chebli, A. Djekoun, N. Boudinar, M. Benabdeslem, A. Otmani, B. Bouzabata and J.J.

Suiol, JOM, 68, (2016). 351-361.

[42] J.C. de Lima, V.H.F. dos Santos, T.A. Grandi, Nano Struct. Mater.11(1) (1999) 51-57.

[43]G. Liu, J. Li, K. Chen. Acta Mate, 122(2017)187-198.

[44] S. Zhang, J. Liu, J. Feng, Y. Wang, X. Ma, C. Li, P. Zhang, Mat Chem Pys, 163-

1(2015)587-593.

14



Figures captions:

Fig. 1. SEM micrographs of FesoSeso powders prepared by mechanical alloying before and
after different milling times.

Fig2. EDS microanalysis corresponding to 0, 6, and 39h milling.

Fig. 3: XRD patterns of the FesoSesopowders milled for various times.

Fig 4: Rietveld refinement of the XRD of powders FesoSesoun-milled experimental (dots) and
calculated (full line) patterns are shown, difference is given below (Gof=1.11)

Fig 5: Rietveld refinement of the XRD of powders FesoSesomilled 3h and 6h experimental
(dots) and calculated (full line) patterns are shown, difference is given below (Gof=1.13)
Fig 6: Rietveld refinement of the XRD of powders FesoSesomilled 39h experimental (dots)
and calculated (full line) patterns are shown, difference is given below (Gof=1.13).

Fig. 7: Mdssbauer spectra of FesoSeso powder mixtures milled for 3h ,6h 12 h and 39h

Fig 8: hysteresis loop of FesoSeso samples milled for 3;6,12,24 and 3%h

Fig 9: Plots of saturation magnetization (Ms) at various milling times of FesoSeso powders
Fig 10: Plots of intrinsic coercivity (Hcy) at various milling times of FesoSeso powders

Fig 11: DSC curves of FesoSeso powder mixtures milled for 3h, 6h 12 h and 39h
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Tables captions:
Table. 1. Lattice parameters, average crystallite size <L>, microstrains (<o >>'"?) and relative
fraction of phases as a function of the milling.

Table. 2. Mossbauer parameters as a function of milling time for mixture FesoSeso

16



