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In this study, the authors prepared a series of technologically significant Fe:_.Al: (0.2 <x < 0.6) alloys
by two distinct methods: (a) arc melting and (b) ball milling and compared their structural and magnetic
characteristics using XRD and VSM. Regardless of the synthesis method, structural analyses show that a
FeAl alloy phase forms in both situations. Although FeAl alloy is formed using both processes, the diffrac-
tion patterns are indeed very different. In samples prepared by ball milling, the peaks are substantially
wider than in samples obtained by arc melting. This is mostly due to the development of nanostructured
disordered FeAl alloy during ball milling of the material. Aside from this, the existence of an Aluminum
peak in a sample obtained by arc melting shows an unequal distribution of Al into the Iron matrix, where-
as in a sample prepared by ball milling, Al is completely dissolved into the Fe lattice. Magnetic data indi-
cate that the arc melted process favors the nonmagnetic FeAl alloy phase, whereas the ball milled method
favors the weakly magnetic FeAl alloy phase. The existence of weak magnetism in a ball-milled sample is
explained by considering the system's degree of nanocrystallization and disorder.
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1. INTRODUCTION

In recent years, the study of intermetallics has gar-
nered a significant amount of attention from the scien-
tific community. The reason for this is because interme-
tallics possess unique and highly desirable physical
features [1, 2]. Over the past few decades, researchers
have been exploring the possibility of using ordered
intermetallics, which are based on the aluminides of
transition metals, particularly iron, as high-temperature
structural materials [4-6]. Because of its superior physi-
cal, chemical, and mechanical characteristics, such as
low density, exceptional corrosion, oxidation resistance,
and high strength at both room and increased tempera-
tures [1, 7, 8], FeAl intermetallics are gaining popularity
in the field of materials engineering. The density of FeAl
alloys decreases as their Al content rises, while the al-
loys' resistance to oxidation and sulphidization improves
[9]. FeAl intermetallics with high Al concentrations are
promising options for structural materials under adverse
situations. However, FeAl intermetallics' limited ap-
plicability has been caused by their intrinsically low
ductility and toughness, especially at ambient tempera-
tures. In FeAl intermetallics, increasing Al content de-
creases ductility [10, 11]. Strong augmentation of diffu-
sivity in nanophase materials [12], attributable to grain-
boundary mechanisms, is said to have significant effects
on the ductility at low temperatures. Therefore, two
main approaches were generally followed to improve the
ductility: The first includes careful control of grain-
boundary cohesion by micro-alloying and the second
includes the improvement of the suitable grain refine-
ment processing, such as inoculation, rapid solidification,
and mechanical alloying (MA) techniques. When metals
are alloyed mechanically, the solubility limits of the
constituent solids shift, and phase transformations are
triggered. Important alloying methods include ball mill-
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ing and arc melting. Both methods have their benefits and
drawbacks, so it is important to consider them both before
making a decision. As a result of their advantageous me-
chanical and corrosion resistance properties [13-15], FeAl
based alloys are prepared using both methods.

In this paper, the author has taken these considera-
tions into account and meticulously prepared FeAl
alloys via Ball milling and Arc Melting methods and
performed comparative structural and magnetic char-
acterizations in order to collect pertinent information
about the various probable phases of FeAl in order to
determine when to apply which technique when work-
ing with this system. The author has also made an
effort to provide an analysis of the findings, including
consideration of potential explanations and justifica-
tions.

2. EXPERIMENTAL DETAILS

A series of intermetallic Fe1-xAl: alloys with compo-
sition in the range (0.2 <x < 0.6) have been prepared by
arc melting and high energy MA process.

Arc Melted Sample: Fe and Al metals of high purity
(more than 99.9 %) were used to prepare FeAl alloys
using arc melting process in Argon atmosphere. Care
was taken to avoid oxygen contamination and to
achieve the same Titanium (Ti) was evaporated inside
the chamber before melting of the metals started. The
prepared alloys were cut into small pieces and an-
nealed at 600 °C for 120 h under the UHV condition.

Ball Milled Sample: The second series of FeAl alloy
sample were prepared by ball milling method. Initial
mixing was done by pestle and mortar and then for
further milling the SPEX 8000M high energy mill ma-
chine was used to serve the purpose. The analytical
grade Fe and Al powders with a purity of 99.9 % were
used. A ball to powder ratio of 20:1 was maintained for
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better milling results. In order to form alloy the sample
was milled for 5 h under Argon atmosphere.

X-Ray diffraction (XRD) technique was employed to
determine the structure and particle size of the sam-
ples. The XRD measurements were carried out at a
wavelength (1) of 1.542 A, operated at 40 kV and
30 mA. The average crystallite size D was calculated
from the broadening of X-Ray diffraction peaks using
Scherrer’s formula. The M-H curve was recorded using
vibrating sample magnetometer (VSM Lakeshore-7300
model).

3. RESULTS AND DISCUSSION

Fig. 1 shows the comparison of XRD patterns of
Fe1_:Al: alloys prepared using arc melting (Fig. 1a)
and ball milling (Fig. 1b) methods. It shows that the
peaks obtained from arc melted samples are very sharp
whereas the peaks obtained from ball milled samples
are broadened and relatively lower in intensity. The
observed differences in the two cases are mainly be-
cause of the large differences in their crystallite size.
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Fig. 1 — Comparison of XRD patterns of Fe;_.Al. alloys pre-

pared using (a) arc melting and (b) ball milling methods
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It is to be noted that the diffraction spectra of arc
melted samples (especially for Feo.sAlos, FeosAlos, and
Feo.4Aloe samples) shows a small peak at 39.04° corre-
sponds to Al (111). It indicates that whole Al does not
intermix completely with Fe to form uniform FeAl al-
loy. Whereas in case of ball milled samples more uni-
form alloy formation takes place as compared to arc
melted samples.

Further the intensity of arc melted samples is very
high as compared to milled samples. This can also be
attributed to difference in particle size and phase
changes during alloying process. It is also seen that the
intensity decreases with increase in Al content. The
XRD graph of both cases indicate that major peak at
260 = 44.6° is shifted towards the lower angles with in-
creasing Al content. This can be attributed to the ex-
pansion of the lattice and presence of internal strain
occurring as a result of non-uniform alloy formation
during sample preparation.

3.1 Comparison of the Crystallite Size and Lattice
Parameters of FeAl Alloys

Fig. 2 shows the comparison of crystallite size and
lattice parameter of the corresponding samples pre-
pared by (a) arc melting and (b) ball milling methods,
respectively. The study shows that the crystallite size
decreases with increasing Al content in both the cases
whereas the crystallite size is very much small in case
of ball milled samples. The average crystallite size of
milled samples is nearly in the range of 8 nm to 6 nm
and that of arc melted samples is nearly in the range of
110 nm to 28 nm with variation of Al content.

The lattice parameter shows opposite behavior than
crystallite size. In both cases, the lattice parameter (ao)
increases with increasing Al concentration. It can be
due to the migration of Al atoms in to lattice of Fe pro-
ducing a local dilatation because of their larger size.
The lattice expansion of ball milled samples is more
than that of arc melted samples. This can be attributed
to smaller crystallite size of ball milled samples. In case
of arc melted samples, the lattice parameter increases
from 2.87 to 2.89 whereas in case of milled samples it
increases from 2.89 to 2.92 which is exactly equal to
JCPDS data value.

3.2 Comparison of Magnetic Properties

The magnetic study of the corresponding samples was
made through VSM. The hysteresis loops observed for arc
melted and ball milled samples are shown in Fig. 3, re-
spectively. In arc melted samples, the Fe rich samples
show saturation magnetization and other samples do not
show saturation magnetization even after maximum
applied field of 1.4 Tesla. However, all the ball milled
samples show the saturation magnetization. In both the
cases, the saturation magnetization decreases with in-
creasing Al content. This characteristic reflects the gradu-
al development of alloying process of Fe with Al. Alumi-
num atoms reduces the direct ferromagnetic (FM) interac-
tion between Fe-Fe sites and at the same time increase in
anti-ferromagnetic (AFM) interaction could take place,
which reduces the magnetic moment of Fe.

The hysteresis loop is also shifted in case of arc
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melted samples and this shift increases with increase
in Al concentration. This loop shift can be explained on
the basis of exchange bias phenomenon associated with
the exchange anisotropy created at the interface be-
tween AFM-FM phases. The loop is further shifted
indicating the increase in AFM-FM coupling with more
addition of Al. But in case of ball milled samples there
is no loop shift. This can be attributed to more uniform
alloying in case of ball milled samples.
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Fig. 2 — Variation in crystallite size and lattice parameter of
(a) arc melted and (b) ball milled Fe;_.Al: (0.3 <x < 0.6) alloy
samples as a function of x
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Fig. 3 — M-H curves of (a) arc melted and (b) ball milled
Fei_:Al: (0.3 <x < 0.6) alloy samples as a function of x
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Fig. 4 — The comparison of saturation magnetization (M) of
arc melted and ball milled Fe:_Al: (0.3 <x < 0.6) samples as a
function of x

3.3 Comparison of Saturation Magnetization
Results

In both the cases, the saturation magnetization de-
creases with increase in Al concentration (see Fig. 4). As
the paramagnetic behavior dominate in Al rich samples
and magnetism is due to Fe cluster. The observed mag-
netic behavior is mainly attributed to the formation of
different FeAl phases and increase in anti-ferromagnetic
interlayer coupling with addition of Al. The value of
saturation magnetization in case of milled samples var-
ies from 111 to 28 emu/g whereas, in case of arc melted
samples it varies from 60.7 to 0.13 emu/g only.

3.4 Comparison of Coercivity Results

The coercivity in arc melted samples increases with
increase in Al concentration (see Fig.5) which can be
attributed to enhancement in the anisotropy as a result of
non-uniform and disordered formation of non-magnetic
FeAl phases. In case of ball milled samples it decreases
first and then again increases and after that again de-
creases which can be attributed to uniform alloying pro-
cess and small particle size.

01005-3



R. BRAJPURIYA
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Fig. 5 — The comparison of variation in coercivity (H.) of arc

melted and ball milled Fe:-:Al: (0.3 <x<0.6) samples as a
function of x

4. DISCUSSION

The comparison of structural and magnetic charac-
teristics demonstrates that these disparities arise from
the formation of different phases and non-equilibrium
structures as a result of two distinct fabrication meth-
ods. Compared to arc-melted samples, ball-milled sam-
ples show more homogeneous alloy formation. Due to
the repetitive welding, fracturing, and re-welding of
powder particles in high energy ball milling, the crystal-
lite size decreases, and once the structure is sufficiently
small, solid-state interactions between the initial phases
are activated, resulting in mechanical alloying. Second,
there is adequate time during the process to develop
ordered and balanced structures. In the case of arc melt-
ing, the arc is struck on the material to be melted while
argon gas flows continuously. In order to create a uni-
form and homogenous melt, the stingers are moved over
and around the material. In order to ensure the homo-
geneity of the sample, the specimen is repeatedly re-
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ITopiBHAIPHE TOCHIMKEHHA CTPYKTYPHHUX 1 MArHiTHUX BJiacTtuBocTtei ciuiasie Fei - xAly,
BHUT'OTOBJIEHUX 34 JIOIIOMOIOIO JYyTrOBOIO ILIaBJI€HHS TA KYyJIHOBOIO IIOMEJLY

R. Brajpuriya
Applied Science Cluster, University of Petroleum & Energy Studies, Dehradun, 248001 Uttrakhand, India

V mocmimzkeHHI aBTOPOM IIITOTOBAHA CEPis TeXHOJOTUHO 3HAUymux criasie Fei-Al: (0,2 <x <0,6) 3a
JIOTIOMOTOI0 JIBOX PI3HUX METO[IIB: J[yTOBOTO IIABJIEHHS Ta KYJILOBOIO IOMEJIY Ta IMOPIBHSHI IX CTPYKTYPHI Ta
MAarHiTHI Xapakrepuctuku 3a goromoroio XRD ta VSM. HesasesmHo Bim MeToay CHHTE3y, CTPYKTYPHIA
aHaJIi3 MOKAa3ye, 10 B 000X CHUTYyaIlisiX yTBopioeThbea dasa cmraBy FeAl. Xoua cruias FeAl yroproerbesa 3a
JIOTIOMOT00 000X ITpOIleciB, MUPPAKIIAHI KAPTUHH Iy¥Ke BIOPISHAITHCA. ¥ 3pasKax, OTPUMAHUX METOIO0M
KYJIbOBOTO TIOMEJLY, MKW 3HAYHO IIUPII, Hi%K V¥ 3padKkax, OTPUMAaHMUX IyTOBUM ILIaBiIeHHsIM. Lle 3me0iabmro-
T0 TOB’sI3aH0 3 POPMYBAHHIM HAHOCTPYKTYPOBAHOI'O HeBHOPSAIKOBaHOro cmiaBy FeAl. Okpim 11boro, HasIB-
HICTH MKy AJIIOMIHII Y 3pas3Ky, OTPUMAHOMY AYTOBUM ILJIABJIEHHAM, IIOKA3ye HePIBHOMIPHUI po3momia Al y
MATPHIIl 3aJ1i3a, TOAl AK y 3pas3Ky, OTPUMAHOMY KyJIbOBUM ITOMeJIOM, Al TIOBHICTIO PO3YMHEHUIA y PErmTIi
Fe. MaruitHi gaHi BKa3yoTh Ha Te, 10 IIPOIEC AYTOBOr0 ILIABJIEHHS CIpUsie HeMarHiTHiN ¢asi ciuiaBy FeAl,
TOJI K METOJ KyJIbOBOIO IIOMeJIy crpusie ciaboMarHiTHIN dasi criaBy FeAl. Icuysauns ciiabkoro maraeru-
3My B 3MEJIEHOMY 3Pa3Ky IIOSICHIOETHCS BPaXyBAHHIM CTYIIEHSI HAHOKPHCTAIII3AI] Ta 6e3Ia1y CUCTeMH.

Knrouogi ciosa: [{yrose miasnenus, Mexauiune serysanns, ®asza Fe-Al, XRD, Marueruam.
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