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Abstract

Recent technological advancements require development of cost-effective and high-performance magnets
which ideally do not contain rare earth metals or noble metals. The promising candidates are Fe-Ni-based
alloys, in particular, the FesoNiso L1o phase (tetrataenite), which has a great perspective for producing hard
magnetic materials. Our study explores a promising method for preparing nanoparticles of Fe-Ni alloy from an
iron-nickel oxalate precursor. The coprecipitation method was employed to prepare oxalate precursors,
followed by controlled thermal decomposition in a reducing hydrogen atmosphere. The morphology and
properties of the resulting particles were analysed using scanning electron microscopy (SEM) coupled with
energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), Mdssbauer spectroscopy (MS), and
magnetic measurements.

The SEM analysis revealed that the particles have approximately cube-shaped unit cell morphology with a
size in a range of 1 - 2 um. Upon annealing, the samples contain multiple phases with varying Fe-Ni content.
Magnetic measurements confirmed the formation of magnetically suitable Fe-Ni phases in the samples after
annealing. Mossbauer spectroscopy emerged as a highly effective method for characterizing individual phases
of the Fe-Ni system.
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1. INTRODUCTION

Magnetic materials have significantly propelled development of our civilization since their discovery. Hard
magnetic materials, characterized by high coercivity (Hc), high saturation magnetization (Ms), and large peak
products (BH)max find wide applications across various fields. The market of permanent magnets is divided
with approximately one-half dominated by ferrites and the other half mainly represented by rare-earth elements
(REEs) based hard magnets [1]. Ferrites have proved suitable for applications with various power density
requirements. Magnetic devices that require large magnetic anisotropy and large coercivity contain magnets
based on REEs such as Nd. However, REEs magnets have two main disadvantages - a low Curie temperature
(~300 °C) and geo-political limitations of sources associated with the possible rapid depletion of REEs
resources [1,2]. Fortunately, the L1o FeNi emerges as a promising alternative to REE-based permanent
magnets.

The Llo-ordered FeNi phase, known as tetrataenite, has been identified in meteorites and terrestrial rocks [3-
5]. The properties that made L1o FeNi such attractive as a substitute for REE-based permanent magnets are
the high magnetic anisotropic energy (Ku), magnetic saturation (Ms) value, and a large value of energy density
(BH)max. However, these values vary depending on the source (various meteorites) or the method of
preparation of tetrataenite [1,6]. Many different methods of preparing the L1o-FeNi phase can be found in the
literature with varying degrees of success. Some involve treating FeNi alloy with neutron irradiation [7,8], high-
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pressure torsion [9], cryo-milling [10], or high-energy ball milling [11]. Other methods of preparing the L1o-FeNi
phase are based on the information obtained from the study of meteorites. Crystallization or casting at specific
conditions was reported by Goldstein, Sato, Kim, and Ivanov [3,12-14]. Another method involves annealing a
predominantly nanocrystalline precursor in different atmospheres and at different temperatures. Experiments
with an annealing temperature around 320 °C and using a hydrogen atmosphere appear to be the most
promising [15,16]. In this work, we applied a modified procedure of synthesis of Fe-Ni phases to prepare hard
magnetic materials.

2. MATERIALS AND METHODS

2.1 Materials

Iron(ll) sulphate heptahydrate, nickel sulphate hexahydrate, and oxalic acid dihydrate were purchased from
Penta Ltd. All the reagents were of analytical grade.

2.2 Preparation of oxalate precursors

The oxalate precursors were synthesized via the coprecipitation method, following this procedure: The
homogeneous solutions of ferrous sulphate heptahydrate, nickel sulphate hexahydrate (both with a
concentration of 0.5 mol/l) and oxalate acid (1 mol/l) were prepared by dissolving in an equal volume of distilled
water. Solutions of nickel sulphate and ferrous sulphate were added dropwise to the oxalic acid solution with
constant stirring. The solution was stirred for about 15 min, then the precipitate was isolated by filtration,
washed several times with ethanol, and dried. The oxalate precursor was characterized by microscopy, powder
X-ray diffraction (XRD), and Méssbauer spectroscopy (MS).

2.3 Thermal decomposition

Thermal decomposition product was prepared by annealing of oxalate precursor sample for 20 h in laboratory
furnace in a hydrogen atmosphere.

2.4 Characterization methods

A TESCAN LYRA 3XMU FEG/SEM scanning electron microscope equipped with an XMax80 Oxford
Instruments detector for energy dispersive X-ray analysis (EDS) was used to follow the chemical composition.
The secondary electron (SE) images and energy dispersive X-ray spectra (EDS) were obtained at 12 kV and
15 kV accelerating voltage, respectively. The phase compositions study was carried out with an Empyrean
diffractometer (Panalytical) in the Bragg-Brentano geometry with CoKa radiation (A = 0.17902 nm) at room
temperature (RT). The analysis of patterns was realized by HighScore® software and the ICDD (PanAnalytical)
database. The 5"Fe Mdssbauer spectra were measured at room temperature using a 5’Co (Rh) source in
transmission geometry with a 14.4 keV gamma radiation (MS) detection using a standard Md&ssbauer
spectrometer. A pure a-Fe foil was used as a calibration standard for the velocity scale. The computer
processing of detected spectra was done using the CONFIT program package [17]. Magnetic properties were
measured with the EverCool Il PPMS (Quantum Design) system using a VSM mode in the temperature range
of 4-300 K and with the magnetic field range of - 9T to + 9T.

3. RESULTS AND DISCUSSION

3.1 Characterization of precursor

The morphology of Feu-xNixC204 particles was examined by SEM. Results are shown in Figure la. Particles
of FeaxNixC204 have a rectangle shape with uniform size in the range of 1.5 - 2 ym. Based on EDS analysis,
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the relative proportions of iron and nickel in the prepared oxalate precursor were determined to be 48% and
52% by weight, respectively.

Table 1 Hyperfine parameters resulting from the Mdssbauer spectra analysis of oxalate precursors (IS -
isomer shift, QSpi - quadrupole splitting, A - phase content in atomic fraction of Fe).

Component (mlnfls) (n?ns17ls) A
D1 1.218+0.006 1.67+0.01 0.42+0.01
D2 1.04510.024 1.98+0.04 0.35+0.01
L 0.306+0.013 0.2340.01

Méssbauer spectra of the precursors are composed of two quadrupole doublets and one singlet with hyperfine
parameters listed in Table 1. The first doublet shows isomer shift IS = 1.21 + 0.01 mm/s and quadrupole
splitting QSp = 1.76+0.02 mm/s consistent with high-spin Fe(ll). This result agrees with the data reported in
[18,19]. The second doublet has IS = 1.04 £ 0.02 mm/s and QSp = 1.98+0.04 mm/s. This corresponds with
QS reported for metal mixed oxalates Fe-Ni, see, e.g., Ref. [20]. The singlet with 1S=0.30+£0.01 mm/s
corresponds to fine particles. The phase content in the atomic fraction of Fe is 0.42 for D1, 0.35 for D2 and
0.23 for L1.

Several XRD patterns of the precursor were evaluated as iron oxalate dihydrate-FeC204.2H20 with a particle
size of about 30 nm. The possible reason for these results is the substitution of some ions and/or superposition
of patterns because of nearly identical positions of diffraction peaks in iron and nickel oxalates patterns (ICSD
161344 and 150590), which cannot be distinguished.

3.2 Characterization of the thermal decomposition product

The result of the thermal decomposition of the oxalate precursors in a hydrogen atmosphere was a porous
structure of the particles (Figure 1b). Thermal decomposition led to a fine reduction size of particles (1.2 - 1.5

pum).

Figure 1 SEM images of morphological changes (a) oxalate precursor as starting material; (b) FeNi powder
after thermal decomposition.

The representation of metals iron and nickel according to EDS analysis was the same as in the case of the
precursor. XRD pattern shows (Figure 2) two cubic phases, namely the major fcc iron-nickel austenite (98
wt.%; a=0.3583 nm; ICSD 163354) and bcc ferrite (2 wt.%; a=0.2871 nm; ICSD 185721). The typical peaks
which indicate the tetragonality of tetrataenite FeNi (001) at 28.922° and (010) at 41.359° 26 do not appear in
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our measurement. The lattice parameters of both phases, austenite and ferrite, are not stoichiometric and
indicate a mixture of Fe-Ni or Fe-C. The crystalline size of austenite is about 30 nm.
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Figure 2 XRD pattern indicates the presence of A Fe-Ni austenite and ® Fe-Ni ferrite, but the presence of
B tetragonal FeNi is not confirmed (left); RT Mdssbauer spectrum of Fe-Ni sample after reduction in
hydrogen (right).

Mossbauer spectrum of the sample after reduction in hydrogen (320°C/ 20h) was fitted with three subspectra:
two sextets and one singlet. The first sextet with the hyperfine induction Bns = 33.2 T, IS = 0.047 mm/s, and
relative content in the spectrum A = 0.34 (in atomic fraction of Fe atoms) can be associated with a bcc phase
alfa-Fe(Ni). The second sextet with Bns = 30.4 T, IS = 0.021 mm/s, and A = 0.54, can be ascribed to NiFe with
ratio Fe:Ni close to NisFe alloy. The singlet with IS = 0.150 mm/s and A = 0.10 corresponds to paramagnetic
FeNi particles.

The Zero Field Cooling (ZFC) and Field Cooling (FC) curves are drawn in Figure 3 left. The ZFC curve starts
at 4 K after cooling from 300 K in field <0.1 mT. After the cooling the external magnetic field was switched to
100 Oe and the magnetic moment was measured in this field with increasing temperature up to 300 K (the
blue curve in Figure 3).
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Figure 3 ZFC/FC curves for temperature dependences of magnetic moment (ZFC - Zero Field Cooling, FC -
Field Cooling) (left) and magnetic hysteresis loops measured at 5, 100,140 K and RT (right).
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After that, the FC measurement by decreasing temperature back up to 4 K in field 100 Oe was carried out (red
curve in Figure 3). A comparison of both ZFC and FC curves indicates presence of superparamagnetic particle
volumes in the measured sample with a blocking temperature about 40 K. The magnetic hysteresis loops were
measured in magnetic field from 10000 to -10000 Oe at 5, 100 and 140 K (Figure 3 right). The hysteresis
loops overlap for given temperatures with saturation magnetization ~ 2.0 emu and coercivity 300 Oe. It is
important that there are negligible changes in the loop parameters with increasing temperature. It could be
explained by sample constitution in form of non-fixed powder particles.

4, CONCLUSION

The oxalate precipitation process successfully yielded a precursor comprising Fe@-x)NixC204.2H20 particles.
Through thermal decomposition at 320°C for 20 hours in a hydrogen atmosphere, porous FeNi particles with
a size range of 1.2 - 1.5 ym were obtained. X-ray diffraction and Mdssbauer spectroscopy analyses revealed
the presence of a mixture of bcc phase a-Fe(Ni) and fcc Fe-Ni phase in the sample after thermal
decomposition. Magnetic measurements indicated the existence of an antiferromagnetic phase, characterized
by a Néel temperature (Tn) around 40 K.
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