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Over the last few decades, ordered intermetallics based on aluminides of transition metals, particularly
iron, have been studied for their potential application as high-temperature structural materials. As a result of
their superior physical, chemical, and mechanical qualities, such as low density, strong corrosion and oxida-
tion resistance, and high strength at both room and increased temperatures, FeAl intermetallics are becoming
increasingly appealing for materials engineering. The magnetic characteristics of Fei_.Al. alloys rapidly
change with changes in the structural composition and, therefore, are considered as a function of x. The ball
milling operation causes the formation of a solid-state reaction assisted by severe plastic deformation owing to
which the crystallite size is lowered, and an unusual and interesting magnetic behavior emerges in the result-
ing system. 57Fe Mdssbauer spectroscopy is used to investigate the evolution of magnetic order in a high-
energy ball-milled Fe-Al solid solution. The Mossbauer spectra of the samples demonstrate the existence of
both magnetic and paramagnetic components with the magnetic part including three sub-spectral compo-
nents. In the Mossbauer spectra of Fe-rich samples, the presence of sextets and the high field component in
the hyperfine field distribution (HFD) clearly indicates the high magnetic moment, whereas for the composi-
tion x = 0.6, the presence of sextets indicates the formation of Fe clusters/Fe-rich phases, while the contribu-
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tion of paramagnetic phases is also clearly visible from HFD for this composition.
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1. INTRODUCTION

Mechanical alloying (MA) is a practical processing
route for the synthesis of nanocrystalline mixtures. The
MA process leads to the formation of alloys due to solid-
state reactions assisted by severe plastic deformation
that occurs during ball milling of elemental powders
[1, 2]. However, the properties of metals and com-
pounds depend to a large extent on the grain size, the
nature and structure of the interfaces formed during
processing [3]. In many pure metals and alloys, the
reduction of the grain size in the nanometer range is
associated with an overall strength increase and a
change in the magnetic and electronic behavior [3].

During the last several decades, ordered intermetal-
lics, based on aluminides of transition metals, especial-
ly iron, have been under investigation for their possible
use as high-temperature structural materials [4-6].
Therefore, FeAl intermetallics are becoming more and
more attractive for materials engineering because of
their excellent physical, chemical, and mechanical
properties, 1.e., low density, good corrosion, oxidation
resistance, and high strength at both room and elevat-
ed temperatures [7-9]. It has been shown that with
increasing Al concentration, the oxidation and sul-
phidization resistances of FeAl alloys increases, while
their densities decrease [10]. This makes FeAl interme-
tallics with high Al concentrations good candidates for
structural materials for use in high-temperature hos-
tile environments. However, the widespread use of
FeAl intermetallics has been limited by their inherent-
ly low ductility and toughness, especially at ambient
temperatures. Higher percentages of Al in FeAl inter-
metallics reduce the ductility [11, 12]. However, it is
reported that strong enhancement of diffusivity in
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nanophase materials [13], attributed to grain-boundary
mechanisms, should have relevant consequences on the
ductility at relatively low temperatures. Therefore, two
main approaches were generally followed to improve
the ductility. The first approach includes careful con-
trol of grain-boundary cohesion by micro-alloying and
the second includes the improvement of the suitable
grain refinement processing, such as inoculation, rapid
solidification, and MA techniques [14]. The MA tech-
nique is receiving particular attention, as it is suitable
for the production of nanophase materials on an indus-
trial scale.

The magnetic behavior of Fe-rich FeAl alloys also
readily changes with changes in their structural com-
position. This change is very prominent and easily
observable for even very small mechanical deformation
on ordered alloy [15, 16] providing great ease to under-
go order-disorder transitions. It is recorded that a solid
solution structure is induced with simple milling and
the lattice parameter increases by 1 % in some compo-
sitions of alloys and within no time variation, magnetic
behavior exhibits this change e.g., a few ordered sam-
ples show a paramagnetic nature, but on being milled
they become ferromagnetic. These behaviors are ex-
plained on the basis of the close relationship between
the microstructure and magnetism. The studies of 3d
based magnetic materials like FeAl system provide
fundamental clarity for a basic understanding of mag-
netism. These magnetic materials find many applica-
tions in the industrial world, which is why any study
that can help to understand the origin of the magnetic
properties of this kind of materials could be used to
improve them or to produce materials adapted or opti-
mized for each application. These two reasons make the
study of magnetic interactions between 3d magnetic
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elements, magnetic effects, and the properties present
in the magnetic materials formed very important in the
world of magnetism research. It is suitable to study
quantitatively the role of the structure on magnetism
in FeAl alloys as they have well-known ordered struc-
tures for studying the basic properties.

The electronic properties of FeAl-based alloys are
also interesting, as there are changes in the structure,
magnetic coupling, binding energy, s-p hybridization,
etc. during the alloying process. Generally, there is
scant literature describing the transport properties of
the FeAl system, and in the past, several authors have
performed band structure calculations in an attempt to
understand the electronic structure of FeAl systems.
B.V. Reddy et al. have calculated the electronic struc-
ture of iron-aluminides (Fei-:Al:) for a range of Al
concentrations (0 <x<0.5) [17]. The present experi-
mental and previous theoretical studies suggest that
the change in the electronic properties can be attribut-
ed to the continuous change in the electronic structure
due to the strong hybridization of Fe and Al near the
Fermi level as a result of charge transfer.

In the present work, we discussed in detail the mag-
netic properties of Fe1_.Al: alloys prepared by MA. The
magnetic hyperfine field distributions (HFD) obtained
from the 57Fe Mo6ssbauer spectra were used to identify
different magnetic phases in terms of the nearest neigh-
bors of Al to Fe. The dependence of the bulk magnetic
properties on the microstructure and hyperfine magnet-
ic fields was discussed qualitatively.

2. EXPERIMENTAL DETAILS

Intermetallic Fei-.Al: alloy powders were prepared
by high energy MA of analytical grade Fe and Al pow-
ders with purities of 99.9 % and size less than 100 pm.
The powders were initially mixed thoroughly using an
agate pestle and mortar and then sealed in a cylindrical
vial under an argon atmosphere with tungsten carbide
balls to prevent oxidation phenomena. Then each pow-
der sample was dry-milled in a SPEX 8000M high-
energy mixer-mill for a fixed time of 5 h. The speed of
the SPEX mixer mill was 1080 rpm. Six balls with a
diameter of 0.25 and a combined mass of 22 g were used
at a ball-to-powder ratio of 20:1 for all studies. To avoid
excessive heating during milling, each 30 min of milling
was followed by a pause of 1 h in Ar atmosphere.

The microstructure of the nanocrystalline powder
was characterized using 57Fe Mossbauer spectroscopy
in the transmission mode to study local magnetic and
non-magnetic phases. Mossbauer spectroscopy meas-
urements were carried out using a conventional con-
stant-acceleration PC-based spectrometer equipped
with a WissEl velocity drive, 57Co (Rh) source, and
calibrated with a metallic iron foil at room temperature.

3. RESULTS AND DISCUSSION

A conventional constant-acceleration PC-based spec-
trometer was used to carry out transmission 57Fe
Mossbauer measurements. The spectrometer was
equipped with WissEl velocity drive, 57Co (Rh) source,
and calibrated with a metallic iron foil at room temper-
ature. The room temperature Mossbauer spectra of the
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5 h milled Fe1_:Al: samples are shown in Fig. 1 and the
corresponding HFD are shown in Fig. 2. The parame-
ters related to the Mossbauer spectra are shown in
Table 1. The spectra of the milled samples consist main-
ly of a broad sextet characteristic of disordered alloys
and quadrupole doublet. On fitting for discrete Lo-
rentzians, the width of the magnetic sextet is seen to be
large compared to the width of the Fe inner peak
(0.24 mm/s), indicating HFD since the 57Fe Mossbauer
spectra of disordered systems consist of a number of
close-lying, unresolved subspectra. The spectra have
therefore been refitted using Windows [18] program for
HFD (Fig. 2). The distribution program gives the mag-
netic hyperfine fields at 57Fe sites in different envi-
ronments in terms of the probability of occurrence P(H)
as a function of the magnetic hyperfine field H. The
negative values of P(H) have no physical meaning and
are mostly because of the statistical fluctuations in the
background [19]. While fitting this method, the ratio
between the intensities of the first and third peaks of
the sextets has been constrained to be three, and the
ratio between the intensities of the second and third
peaks has been used as a free parameter. The data of
Fes0Also and FesoAlso are fitted with HFD and one cen-
tral doublet, whereas the data of FesoAlso and FezoAlso
are fitted with only HFD.
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Fig. 1 — Room-temperature Mossbauer spectra of Fei_.Als
(x =0.3, 0.4, 0.5, 0.6) samples milled for a fixed time of 5 h. The
dots are experimental data and lines represent the fit

The Mossbauer spectra and HFD of the samples
show the presence of both magnetic and paramagnetic
components with the magnetic part containing three
sub-spectral components. In the Mossbauer spectra of
Fe-rich samples, the presence of sextets and the high
field component in HFD clearly indicates the high mag-
netic moment, whereas for the composition x = 0.6 the
presence of sextets indicates the formation of Fe clus-
ters/Fe-rich phases. In the case of the composition
x = 0.6, the contribution of paramagnetic phases is also
clearly visible from HFD (Fig. 2), and as iron-rich phases
start to form, the paramagnetic contribution decreases
with a corresponding increase in the hyperfine field. For
Al-rich samples, it is expected that the final alloy should
also be Al-rich. Hence the presence of a quadrupole dou-
blet due to the formation of a nonmagnetic Al-rich FeAl
alloy and a low field HFD component, which can be
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attributed to the presence of Al-rich grains [20], is as
expected. Since Al-rich phases are paramagnetic, the
presence of Fe-rich phases is important from a magnetic
point of view, as they should be responsible for the bulk
magnetic properties of this system.
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Fig. 2 — HFD of the Mossbauer spectra for 5 h milled Fei_.Al.
(x=0.3, 0.4, 0.5, 0.6) samples

Since the ball milling method used in the present
study is a high-energy process, and also the ball-to-
powder ratio used is large, the probability of formation
of isolated Fe in a cubic environment, which would give
rise to a singlet, is small. Analysis of the Mo6ssbauer
spectra shows that the area under the quadrupole dou-
blet is maximum for x = 0.6. The initial composition of
this sample is the same as that of the FeAls composi-
tion. The wvalue for quadrupole splitting 1is
0.22 £ 0.03 mm/s and the value of isomer shift is
0.29 £ 0.01 mm/s. Hence, this composition has the ma-
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ximum paramagnetic phase. Therefore, it is possible
that the formation of stoichiometric FeAlz alloy, which
is paramagnetic, is favored in this sample. Since this
composition has the maximum paramagnetic phase, it
is expected that the values of bulk magnetic parame-
ters such as saturation magnetization (Ms) and area
under the loop would be minimum for the sample with
x=0.6. To confirm the same bulk magnetization study
is required using a vibrating sample magnetometer.

Table 1 — Mossbauer parameters: isomer shift (IS), quadrupole
splitting (QS), average magnetic hyperfine field (BHF), percent-
age area occupied by quadrupole peaks in the Mossbauer spec-
trum, and FWHM of quadrupole peaks for Fei_Al: (x=0.3, 0.4,
0.5, 0.6) powder samples ball milled for a fixed period of 5 h

Samole IS Qs BHF | Area | FWHM
p (mm/s) | (mmJ/s) | (Tesla) | (%) | (mmJs)
- - 0.41
FewAlw | 029+ | 022+ [ 19 | 2T 1 o624
0.01 0.03 0.02
- - 0.41
FesAly | 0.14= | 030+ | 2 1;44 fg"é 0.59 +
0.06 0.06 : 0.11
FesoAlio — B 24.02 | 100 | 0.41
FenAlso — — 2756 | 100 | 0.41

4. CONCLUSIONS

The study of Fei_xAlx intermetallic alloy as a func-
tion of Al content prepared by ball milling has given
fascinating results. The ball milling process leads to the
formation of a solid-state reaction assisted by severe
plastic deformation, due to which the crystallite size
decreases, and interesting magnetic properties develop
in the resulting system. For Fe-rich samples, the high
magnetic moment is confirmed by the sextets and the
high field component in the HFD. On the other hand,
for the composition x = 0.6, HFD shows the presence of
both magnetic (Fe-rich) and paramagnetic phases.

11. S. Khan, A. Vyas, S. Rajan, S. Jani, R. Brajpuriya, J. Nano-
Electron. Phys. 12 No 4, 04012 (2020).

12. S. Rajan, R. Shukla, A. Kumar, A.Vyas, R. Brajpuriya,
Mod. Phys. Lett. B 29 No 10, 1550036 (2015).

13. Hernando, J.M. Gonzalez, Hyperfine Interactions 130, 221
(2000).

14. S.C. Deevi, Intermetallics 8, 679 (2000).

15. Q. Zeng, 1. Baker, Intermetallics 14, 396 (2006).

16. G.F. Goya, H.R. Rechenberg, J. Phys.: Condens. Maiter. 12,
10579 (2000).

17. B.V. Reddy, P. Jenna, S.C. Deevi, Intermetallics 8, 1197 (2000).

18. B. Window, oJ. Phys. E 4, 401 (1971).

19. H. Keller, J. Appl. Phys. 52, 5268 (1981).

20. S. Enzo, R. Frattini, G. Mulas, G. Principi, J. Mater. Sci. 39,
6333 (2004).

04020-3


https://doi.org/10.1179/imr.1998.43.3.101
https://doi.org/10.1016/S0079-6425(99)00010-9
https://doi.org/10.3139/146.111162
https://doi.org/10.3139/146.111162
https://doi.org/10.1016/j.intermet.2005.11.033
https://doi.org/10.1016/S0966-9795(02)00247-9
https://doi.org/10.1016/j.intermet.2005.11.018
https://doi.org/10.1016/j.intermet.2005.11.018
https://doi.org/10.1016/0966-9795(95)00056-9
https://doi.org/10.1016/S0925-8388(97)00508-2
https://doi.org/10.1016/S0925-8388(97)00508-2
https://doi.org/10.1103/PhysRevB.58.R11864
https://doi.org/10.1016/j.apsusc.2010.06.008
https://doi.org/10.21272/jnep.12(4).04012
https://doi.org/10.21272/jnep.12(4).04012
https://doi.org/10.1142/S0217984915500360
https://doi.org/10.1023/A:1011096522429
https://doi.org/10.1016/S0966-9795(99)00129-6
https://doi.org/10.1016/j.intermet.2005.07.005
https://doi.org/10.1088/0953-8984/12/50/318
https://doi.org/10.1088/0953-8984/12/50/318
https://doi.org/10.1016/S0966-9795(00)00075-3
https://doi.org/10.1088/0022-3735/4/5/022
https://doi.org/10.1063/1.329432
https://doi.org/10.1023/B:JMSC.0000043603.28152.bc
https://doi.org/10.1023/B:JMSC.0000043603.28152.bc

R. BRAJPURIYA JJ. NANO- ELECTRON. PHYS. 14, 04020 (2022)
EBosroniszs MardiTHOro nmopAaky B HAaHOKpucrajgiuaomy criaei Fer - xAlx
R. Brajpuriya
Applied Science Cluster, University of Petroleum & Energy Studies, Dehradun 248001 Uttrakhand, India

IIporsirom ocTaHHIX KIIBKOX JECATHJIITH BIIOPAOKOBAHI 1HTEPMETAJIIIN HA OCHOBI AJIIOMIHIIIB IIepexii-
HUX MEeTAaJIiB, 30KpeMa 3aJ1i3a, BUBYAJIUCS HA IIpeIMeT iX IMOTEeHI[IMHOr0 3aCTOCYBAHHS K BHCOKOTEMIIepa-
TYPHUX KOHCTPYKIIIMHUX MaTepiasiB. 3aBIAKMU CBOIM UyJI0BUM (Gi3WUHUM, XIMIYHUM 1 MEXAHIYHUM BJIACTHU-
BOCTSIM, TAKUM SIK HU3bKA I'YCTHHA, BUCOKA CTIMKICTH /10 KOPO3il TA OKUCJIEHHs, & TAKOMK BHCOKA MIIHICTH SIK
IIpY KIMHATHIN, TaK 1 IpHU IIIBUIIEHUX TeMIlepaTypax, inrepmerasiau FeAl craiors Bce OLIBIN TpuBadIn-
BUMH JIJIST MaTepiasosdHaBcTBa. MardiTHI XapaKTepUCTUKU CILIaBiB FeixAlx IIBUIKO 3MIHIOIOTHCSA 31 3MIHOIO
CTPYKTYPHOTO CKJIAAY 1 TOMY PO3IVISAAIOThCA AK QYHKINA X. TexHika mogpiOHeHHS B KyJILOBOMY MJIMHI BH-
KJIMKA€E YTBOPEHHS TBEPJOTIIBHOI PeaKIlil, IKif CIIpusie CUJIbHA IUIACTUYHA JedopMaliis, 3aBIsKA Y0MY PO-
3MIp KPHUCTAJIITIB 3MEHIILYETHCSA, 1 B OTPUMAHIN CHCTeM] BUHUKAE He3BUUAMHA Ta I[IKaBa MATHITHA ITOBEIIH-
ka. MeccbayepiBcbka cmekTpockoris 57Fe BUKOPUCTOBYETHCS JIJIsT JOCTIIKEHHS €BOJIIOIII MATHITHOTO II0-
PAIKY Yy BUCOKOEHEPTeTUYHOMY TBepaomy poaumui Fe-Al, monpibueHomy B KysapoBoMy MumHi. Meccbayepis-
CBK1 CIIEKTPH 3Pa3KiB JeMOHCTPYIOTh ICHYBAHHS K MATHITHUX, TAK 1 TApAMATHITHUX KOMIIOHEHTIB, IIPUYO0-
My MarHITHA YaCTHHA BRJIIOYAE TPU CyOCIIeKTpasbHl koMmmoHeHTH. ¥ MeccOayepiBChKUX CIEKTPax 3paskis,
30aravyeHux 3asIi30M, HAsIBHICTH CEKCTETIB 1 KOMIIOHEHTH CHJIBHOTO IIOJIS Y HAJATOHKOMY PO3IOLII IIOJIS
(HFD) uiTko BKa3ye Ha BHCOKHI MaTrHITHHUHM MOMEHT, TOMI K A cKkiaaay x = 0.6, HAsSIBHICTDH CEKCTETIB BKAa-
3ye HA YTBOPEHHS KJAcTepiB 3asida/baratux 3asi3oM (pas, y TOM Jac AK BHECOK IMapaMarHITHUX (a3 TaKoK
qiTko BugHO 3 HFD muis mporo crmamy.

Kmiouosi cnosa: Mexaniune seryBanus, ®asza Fe-Al, MeccbayepiBcbKa CIIEKTPOCKOIIIS.
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