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ABSTRACT

DOI: https://doi.org/10.37375/susj.v15i2.3721

In this study, Fe-Sb alloy samples were synthesized using various processing
techniques with the aim of reducing oxidation and enhancing phase purity. While
samples S1 and S2 were prepared in a tube furnace under nitrogen atmosphere, sample
S3 was synthesized using a vacuum-assisted current-heating method. X-ray diffraction
(XRD) analysis revealed a multiphase composition, with FeSh, emerging as the
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1 Introduction

Iron antimonide compounds, especially FeSh,, are
gaining  attention due to their exceptional
thermoelectric properties and potential use in energy
conversion devices [1,2,3]. FeSh,, a narrow-gap
semiconductor, is especially notable for its colossal
Seebeck coefficient at low temperatures, a behavior
linked to strong electron correlations [1]. Studies have
shown that this material exhibits large anisotropy in
magnetoresistance and a spin-state  transition,
reinforcing its classification as a Kondo insulator [4,5].
In some alloy compositions, such as FeSb,, it is
preferable to avoid the presence of oxygen or the
formation of oxides because the desired phase does not
contain oxygen at all. Its presence may lead to changes

dominant phase in the S3 sample. Secondary phases such as elemental Sh, metallic Fe,
and a trace amount of Sb203 were also identified. Scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDX) confirmed the correlation between
the synthesis environment, oxidation degree, and microstructural uniformity. The
vacuum-based synthesis of sample S3 effectively minimized oxygen incorporation,
resulting in improved phase formation and structural integrity. These findings suggest
that controlled synthesis under vacuum conditions is essential for optimizing Fe-Sh
alloy systems, particularly when targeting intermetallic phases like FeSb, with minimal
oxide contamination.

in the chemical and crystalline structure. The presence
of oxygen can cause deterioration in mechanical
properties and negatively affect electrical or thermal
conductivity due to the formation of insulating oxides.
It may also accelerate corrosion and distort the
crystalline structure of the alloy, weakening overall
performance and hindering precise applications that
require specific and stable properties. So, it is important
to find a way to minimize the contribution of oxygen
during the interaction process.

The optimization of Fe-Sh-based materials
often revolves around precise control of phase
composition and synthesis parameters, as multiple
structural and magnetic phases such as FeSh, FeSh,,
elemental Sb, and oxides like Sh.Os; can form during
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processing [6,7]. Understanding the phase stability and
the ternary phase diagram of Fe-Sb systems is therefore
crucial for tailoring the desired phase assemblage [7].
Recent approaches have emphasized chemical and
solvothermal synthesis techniques for nanostructured
FeSb, to enhance thermoelectric performance [3,8],
while others have highlighted the importance of spark
plasma sintering and reactive sintering for dense, pure
intermetallic phases for Fe-Si alloys [9]. Additionally,
studies investigating the time-dependent resistivity
behavior of Fe-Sb alloys have underscored the
sensitivity  of  their electronic  properties to
microstructural and compositional variations [10]. The
introduction of novel synthesis strategies, including
vacuum-assisted processing and mechanical alloying,
has further enabled the reduction of oxidation and
enhancement of phase purity in binary compounds such
as Fe-Mn alloy [11,12]. These advancements are
particularly relevant in the context of emerging
applications, ranging from thermoelectrics to
environmental and biomedical fields [13,14].

In this work, we examine the impact of
different synthesis techniques on the structure and
composition of Fe-Sb alloys. Three samples were
prepared using solid-state reactions: two under nitrogen
atmosphere (S1 and S2), and one using vacuum-
assisted current heating (S3). X-ray diffraction XRD
(PANalytical X’Pert PRO MRD PW3040), scanning
electron microscopy SEM (JOEL JSM-6460LV) with
an ET detector, and energy-dispersive X-ray
spectroscopy EDX (Oxford instruments Analytical
Ltd.) were used to evaluate phase composition,
microstructure, and oxidation. The study aims to
determine how synthesis atmosphere and heating
method influence the formation of the desired FeSb,
phase and the reduction of oxidation-related byproducts
such as Sh0s.

2 Experimental Setup

The FeSh alloy samples S1, S2, and S3 were
synthesized by heating mixtures of high-purity starting
materials (i.e., Fe and Sb powders), weighed in
stoichiometric molar ratios. The starting materials were
thoroughly mixed and pressed into pellets using a
hydraulic press under a load of 10.4 metric tons. For
sample S1, Fe (0.9173 g) and Sb (2 g) of FeSb
stoichiometric were used. The pellet was placed in a
porcelain crucible and was heated in a furnace at 600°C
for 2 hours, followed by 900°C for another 2 hours.
Nitrogen gas was introduced to minimize oxygen
interaction with the alloy components at high
temperatures. The sample was then slowly cooled to
room temperature, whereas the gas flow was stopped

when the temperature reached 700°C. Afterwards, the
FeSh alloy was ground using a mortar and pestle, re-
pressed into a pellet, and reheated at 850°C for 7 hours
under continuous nitrogen flow. Sample S2 was
prepared using the same procedure as S1, but with a
doubled nitrogen gas flow rate and a heating step at
850°C for 5 hours. The sample was composed of Fe
(0.99942 g) and Sb (1.3 g) of Fe,Sb stoichiometric.
Sample S3 was prepared using Fe (0.56 g) and Sb
(1.2192 g) of FeSb stoichiometric. The pellet was
placed between two tungsten boats inside a vacuum
chamber evacuated to a pressure of 10~ Torr as shown
in Fig.1. It was then heated by passing an electric
current through the boats. The current was applied in
stages as follows: 80 A for 30 minutes, 160 A for 40
minutes, 200 A for 50 minutes, and finally 80 A for 70
minutes. After each stage, the product was ground and
re-pressed into a pellet. Finally, the sample was left to
cool inside the chamber for over 30 minutes to ensure it
reached room temperature and to prevent oxidation.
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Fig.1. Schematic diagram of the system used for
heating the pellet.

3 Results and Discussion

As shown in the EDX spectrum in Fig. 2, the gas
flow used in samples S1 and S2 was not sufficient to
prevent oxygen incorporation. In contrast, the oxygen
content in sample S3 was very low, which is expected,
as some residual oxygen may have remained between
the powder grains during the pressing process. This
suggests that oxygen in S3 formed a phase with
antimony, unlike the combustion-like reaction observed
in S1 and S2. Therefore, it is preferable to perform the
mixing and pressing processes inside a glove box to
limit exposure to atmospheric oxygen. Sample S1
exhibited a dark red color, which suggests iron
oxidation. On the other hand, sample S2 showed the
presence of spherical Sb,Osz particles [15,16,17], as
observed in the SEM image in Fig. 3. Sample S3, by
contrast, appeared dark silver in color.
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Fig. 2. EDX spectra of S1, S2, and S3 samples.

Fig.3. SEM for sample S1 show the spherical Sh203
particles

SEM was utilized to analyze the surface
morphology of samples S1, S2, and S3, as shown in
Fig.4. Sample S1's dense, compact microstructure may
be due to partial melting or sintering during high-
temperature processing with oxygen, resulting in the
formation of iron oxides, as supported by the dark red
coloration observed visually. In contrast, sample S2's
microstructure appears more porous and granular, with
fine, loosely packed particles. The SEM image reveals
the presence of spherical and irregularly shaped grains,
which are consistent with the formation of Sb,O3 as a
result of oxidation. This finding aligns with the EDX
results, which indicated relatively high oxygen content
in both S1 and S2. However, the dispersed nature of

grains in S2 indicates a less uniform reaction process
and potentially higher oxidation rate compared to S1.
Sample S3 exhibits a compact, layered morphology
with well-defined grain structures, smoother surfaces,
and minimal oxidation, indicating improved structural
integrity. This improvement is attributed to the
different synthesis method used in S3, which involved a
vacuum environment and high electrical current
heating. These conditions effectively limited oxygen
exposure, as confirmed by EDX analysis, and promoted
a more controlled phase formation. We expect the dark
silver color of sample S3 to indicate the absence of
significant oxidation products.

Fig.4. SEM images of the synthesized samples S1, S2,
and S3.

The X-ray diffraction analysis of the sample
S3, as shown in Fig.5 and tablel, indicates the
formation of multiple phases. The primary phase
identified is FeSh,, confirmed by several strong peaks
at 30.62°, 31.32°, 34.75°, and 50.65°. The
crystallographic parameters of the FeSb, phase were
orthorhombic, with a=5.830, b=6.550, and ¢=3.2040 A,
which are in reasonable agreement with previous
studies (a=5.815, b=6.517, and ¢=3.190 A) [4]. The
synthesis conditions led to the formation of iron
antimonide with 1:2 stoichiometry, and the presence of
secondary phase, elemental antimony (Sbh), with
dominant peaks at 23.61°, 28.64°, and 41.89°. The
presence of Sb implies a slight excess of antimony or
incomplete reaction with Fe. A minor amount of
metallic iron was detected, most notably by the peak at
44.66°. This suggests that a portion of iron did not
participate in compound formation, possibly due to
stoichiometric imbalance or kinetic limitations.
Furthermore, a very weak peak at 35.34° matches
antimony oxide (Sbh,0Os3), indicating minimal oxidation.
This can be likely due to remaining oxygen trapped
during the sample preparation. To minimize such
oxidation, it is preferable to perform the mixing and
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pressing processes inside a glove box under inert
atmosphere. Overall, the XRD pattern confirms that
FeSbh, is the dominant phase, accompanied by
unreacted Sh, small amounts of Fe, and traces of Sb,QOs.
These results align with expectations for a Fe-rich
synthesis under limited oxygen conditions, although
further optimization could improve phase purity and
reduce secondary components.
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Fig.5. XRD pattern of the synthesized sample (S3).

Tablel. List of major diffraction peaks observed in the
XRD pattern of the sample S3, along with their
corresponding phases.

20 Phase
23.61 Sh
25.12 Sh
28.64 Sb
30.62 FeSh,
31.32 FeSh,
33.64 FeSh,
34.75 FeSh,
35.34 Sh,03
40.02 Sb
41.89 Sb
44.25 FeSh, / Sh,03
44.66 Fe Main
47.04 Sh
48.86 FeSh, / Sh
50.65 FeSh,
51.55 Sh
59.36 Sh
62.76 FeSh,
65.91 FeSh,
68.55 FeSh,
71.52 FeSh,
75.34 FeSh,
76.56 Sh

4 Conclusion

The study highlights the importance of
synthesis conditions, particularly atmospheric control,
in determining the structural and compositional quality
of Fe-Sb alloy systems. Among the three samples
studied, only the sample synthesized under vacuum
conditions (S3) exhibited significantly reduced
oxidation and a higher degree of phase purity, with
FeSh, emerging as the dominant phase. XRD analysis
confirmed the presence of secondary phases such as Sb,
Fe, and minor Sh,0; in varying amounts across the
samples, consistent with SEM and EDX observations.
Notably, the S3 sample was synthesized using a
vacuum-assisted thermal process in which the pellet
was placed between two tungsten boats and heated via
electrical current passed through the boats' terminals.
This method not only ensured uniform heat distribution
but also minimized exposure to atmospheric oxygen
throughout the reaction. The heating configuration was
crucial in reducing oxidation and facilitating the
controlled formation of intermetallic phases. The
findings highlight that vacuum-based current heating,
combined with appropriate handling techniques such as
glove box pressing, is highly effective in reducing
oxygen incorporation and enabling the formation of
structurally stable FeSh, phases. Future work should
focus on optimizing the Fe:Sb ratio and refining
thermal parameters to further enhance phase purity and
suppress residual metallic and oxide components.
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