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ABSTRACT

This study prepared the FeSe alloy using a powder metallurgy route. The Fe and Se powders were weighed at an atomic ratio of Fe:Se
=1.025:1 and milled for 5 hours. A simultaneous thermal analysis (STA) was performed to observe the behavior of the milled powder
during thermal changes. After packing the milled powder in a stainless-steel tube, it was compacted. Investigation was performed to
observe how the tetragonal FeSe phase forms at sintering temperatures of 718 K, 818 K, and 918 K. At a sintering temperature of 718
K, the tetragonal FeSe phase was formed, as determined by our quantitative analysis of XRD. The highest tetragonal FeSe phase
fraction of 68.46 wt.% was obtained at a temperature of 918 K. The lattice constants of the tetragonal FeSe for the best sample were
a =0.3773 nm and ¢ = 0.5520 nm. The resistivity test demonstrated that all samples have a conductor phenomenon exceeding 16 K,

with a maximum Tc-onset value of 15.11 K.
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INTRODUCTION

Since the early 19" century, superconducting materials have im-
proved significantly, with a focus on zero resistance at very low
temperatures. Due to the low critical temperature of supercon-
ductors to date, researchers are emphasizing their efforts to de-
velop superconducting materials near room temperature. The
temperature where materials lose their resistance is known as the
critical temperature. It is possible that superconducting materials
could have critical temperatures close to room temperature, as
reported in reports of high-temperature superconducting oxide-
based materials [1], [2].

In addition to the ongoing efforts to raise the critical temperature
of superconducting materials, there have been discoveries of
several new materials that possess superconducting properties.
The superconducting characteristics of FeSe-based materials
were reported by Hsu and colleagues in 2008 [3]. The critical
temperature (Tc) for the FeSe material is 8 K [3]. The Tc value
of this FeSe-based material increases to 15 K when tellurium
(Te) is doped at the Se site [4]. Sun, et al. reported that the criti-
cal temperature of FeSeo.gTeo.0s7S0.043 has increased from 8.5 K
t0 10.43 K [5]. Itis claimed that the critical temperature of FeSe-
based materials is 30 K in the FeSe, even when substituted with
potassium (Ko.sFe2Sez) [6].

Li, etal. investigated the formation of FeSe-based superconduct-
ing materials through the solid-state reaction procedure [7]. The
highest volume fraction and the Tc value of the tetragonal FeSe
phase were reported by Li, et al. to be >75% and 10.1 K, respec-
tively [7]. According to Zhang, et al., the optimal stoichiometric
ratio and milling time for forming the tetragonal FeSe phase us-
ing the mechanical milling technique were Fe/Se=1.20/1 and 6
hours [8], [9].

The powder metallurgy process was used to form a FeSe alloy
with a tetragonal crystal system, as discussed in this paper. The
influence of sintering temperature variations on the formation of
tetragonal FeSe phase and electrical resistivity has been exten-
sively studied.

MATERIAL AND METHODS
Material Preparation

Synthesis of FeSe-based alloys was done using the powder met-
allurgy method. The first step was to weigh and mix commercial
iron powder (Merck, 99%) and selenium powder (Merck, 99%)
with an atomic ratio of Fe: Se = 1.025:1. The mixed powder was
milled in a shaker mill for 5 hours at a ball-to-powder weight
ratio (BPR) of 6:1. The selenium diffusion reaction was then
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maintained during the sintering process by insulating the milled
powder in a stainless-steel (SS) tube (melting point of the sele-
nium = ~493 K) [10]. This technique was applied in our earlier
research [11], [12]. The milled powder was sealed and com-
pacted at 350 MPa in a stainless-steel tube, and then heated for
6 hours at different temperatures of 718 K, 818 K, and 918 K.
Three samples were obtained from this heating process, and they
were designated as samples A, B, and C, respectively. The heat-
ing was conducted in open air with a temperature rise rate of 5
K/min.

Material Characterization

Simultaneous thermal analysis (STA) tests were performed us-
ing the LINSEIS STA Platinum series instrument to investigate
the thermal behavior of the milled powder. In the condition of
nitrogen (N2) gas, the STA test was conducted at a temperature
increase rate of 10 K/min.

The formation of the phase was determined by using an XRD
Panalytical X'Pert MPD with Cu-Ka radiation. The qualitative
analysis of the XRD was completed using the Match! software
(evaluation version) equipped with the Crystallography Open
Database (COD) 2018. By fitting the diffraction pattern, the
phase composition and lattice parameters can be calculated by
using the Rietveld method [13]. The samples' fracture surface
and elemental composition were examined using a JEOL JSM-
6390LA scanning electron microscope (SEM) and energy dis-
persive spectroscopy (EDS). The cryogenic magnetometer was
employed to measure the electrical resistance of the sintered
sample using a Four Point Probe (FPP) method.

RESULTS AND DISCUSSION
XRD Analysis

Fig. 1 shows the STA curve of the Fe and Se powder that has
been milled. Endothermic peaks are present on two of the three
primary peaks on the STA curve, while exothermic peaks are
present. An endothermic peak 1 at 495 K represents the melting
of selenium [7]. A heat absorption reaction takes place at 568 K.
According to Li, et al., heating at a temperature over the melting
point of selenium led to the formation of the FesSes and FesSes
phases [7]. Due to the mobility of molten selenium, the reactions
between Fe and Se are accelerated due to the rapid diffusion of
atoms and the increased contact surface of reactants. The for-
mation of FesSes and FesSes phases takes place at a temperature
of 603 K [7]. At temperatures below 603 K, the FerSes phase is
transformed into the tetragonal FeSe or 3-FeSe phase. Peak 3 at
610 K represents the heat released during the phase change pro-
cess. The B-FeSe continues to form when the temperature
reaches 636 K [7].
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Fig. 1 The STA curve of the milled powder (as-milled)
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Fig. 2 Powder XRD of FeSe-based samples with various tem-
perature sintering compared to as-milled powder

The diffraction patterns of the FeSe-based samples sintered at
718 K, 818 K, and 918 K in comparison to the as-milled powder
are shown in Fig. 2. The peak in the as-milled powder is related
to the peak of Fe and Se phases, as indicated by the diffraction
pattern. The Fe peaks correspond to COD database #901-6481,
while the Se peaks correspond to COD database #900-8580. By
comparing the sample. A to the as-milled powder, it was evident
that a new phase had formed because phase peaks were not pre-
sent in the constituent elements. The heating process resulted in
forming a new peak known as the FeSe phase. The FeSe phase
formed in all samples (Sample A, sample B and sample C) has
two different crystal systems: the tetragonal crystal system (f-
FeSe phase) and the hexagonal crystal system (8-FeSe phase).
The B-FeSe phase was found at 20 = 15.98°, 28.56°, 37.33°,
47.31°, and 48.10° in accordance with the COD #432-9646.
While the 3-FeSe phase was found at 20 = 32.07°, 41.85°, and
50.17° in accordance with the COD # 901-5077. Increased sin-
tering temperature caused a decrease in the peak intensity of the
B-FeSe phase at 20 = 41.85°. The FeSe-based alloys were suc-
cessfully synthesized without needing a vacuum technique or a
flowing inert gas, and the heating procedure does not result in
any oxidation.

By analyzing the diffraction pattern, the phase mass fraction can
be calculated with the Rietveld method. The plot of calculation
and observation of diffraction patterns for FeSe-based samples
is depicted in Fig. 3. The calculated p-FeSe phase lattice con-
stants value for the sample C were lattice a = 0.3773 nm, and
lattice ¢ = 0.5520 nm. Table 1 contains the quantitative results
for the XRD test. As the temperature increased, the B-FeSe phase
mass fraction rose from 62.01% to 68.46%. Comparing this re-
sult to the previous research by Li, et al., we see an improvement
[7]. According to Li, et al., the volume fraction of the B-FeSe
phase was around 30% upon heating to 723 K [7].

The crystallite size is calculated using the results of the diffrac-
tion pattern fitting shown in Fig. 3. The Monshi-Scherrer equa-
tion was used to estimate the crystallite size in the FeSe-based
samples. Following the Scherrer equation, the Monshi-Scherrer
equation is shown in Equation (1) [14], [15].

1

KA
Ing = ln;+lnwsg

(1)
where B is the FWHM value of the phase peaks (radians), K is
the Scherrer constant (0.94), A is the wavelength of the radiation
source beam (Cu Ka=0.15406 nm), D is the crystallite size (nm)
and 0 is the phase peak angle (°). From Equation (1), the curve
In (1/cos 0) vs In B for each sample is created as shown in Fig.
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4. The estimated crystallite size of the FeSe-based samples for-
mulated as follows Equation (2),

"o = @)

The results of calculating the crystallite size for each sample us-
ing the Monshi-Scherrer equation are displayed in Table 1.
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Fig. 3 The plot of calculation and observation diffraction pattern
of the FeSe-based samples. (a) Sample A, (b) Sample B, and (c)
Sample C
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Fig. 4 Linear fit plot of In (1/cos 0) vs In B of the samples A, B,
C

Table 1 Phase composition, lattice constants, and crystallite size
of the FeSe-based samples

Source Sample A Sample B Sample C
B-FeSe (wt.%) 62.01 64.75 68.46
S-FeSe (wt.%) 37.99 35.25 31.54
Lattice a-axis (nm) 0.3772 0.3775 0.3773
Lattice c-axis (nm) 0.5522 0.5516 0.5520
GoF 1.185 1.159 1.158

Rp (%) 4.00 3.79 3.63

WRp (%) 5.04 4.76 4.62

D (nm) 37.01 37.16 32.70
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SEM-EDS Analysis

Fig. 5 shows a scanning electron micrograph image of the FeSe-
based samples with different sintering temperatures. The parti-
cles in sample A were observed to be small, uniform, and dense.
As the temperature of sintering raises, some particles get bigger
and have a more uniform grain shape. An energy dispersive
spectroscopy (EDS) test was carried out to determine the ele-
mental composition of the sample. The elemental composition
test sample was selected for the area 002 of sample C. The EDS
curve for area 002 of sample C is shown in Fig. 6, and Table 2

shows the components detected there. The area 002 of sample C
has a ratio of Fe: Se of 41.32: 58.68. According to the FeSe
phase diagram, a selenium composition of 57.6-58.0 wt% re-
sults in the formation of the -FeSe phase. With a selenium con-
tent of 58.1-66.0 wt.%, the 8-FeSe phase is formed. This agrees
with Fig. 2, which shows the formation of the B-FeSe and the 8-
FeSe. The non-superconducting 5-FeSe phase decreased due to
the higher Fe content in the FeSe phase, according to Zhang, et
al [8]. Therefore, controlling the stoichiometric ratio is im-
portant for forming the B-FeSe phase.
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To measure the electrical properties of the synthesized samples, 1207
a cryogenic magnetometer was used without any magnetic field. 110 Sample C
Fig. 7 shows the relationship between temperature and resistiv- 10.0
ity. The resistivity value of the sintered sample, measured at 265 907
K, shows a decrease in resistivity value with decreasing temper- 5 8.0
ature. The resistivity value of sample C drastically decreased at 2 707 T e —
15.11 K. When the resistivity temperature decreases signifi- z 507 g40lls
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Fig. 7 Temperature dependence of resistivity for FeSe-based
samples. The inset image shows Tc-onset value
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CONCLUSION

The powder metallurgy method has been successfully used to
synthesize FeSe alloys. FeSe alloy features tetragonal (B-FeSe)
and hexagonal (8-FeSe) crystal system. According to XRD anal-
ysis, the mass fraction of the B-FeSe superconducting phase in-
creased as the sintering temperature was raised. The highest
phase fraction of the B-FeSe phase generated in the sample when
sintered at 918 K was 68 wt.%. According to resistivity meas-
urements, the Tc-onset value of the B-FeSe phase with lattice
constants a = 0.3773 nm and ¢ = 0.5520 nm is 15.11 K.
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