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We report on magnetic properties of FesoNisg and FeqoNiggoAls alloys after severe plastic
deformation (SPD) by high pressure torsion (HPT) technique. SPD considerably changes
the magnetization behavior. The main magnetic characteristics of bulk and HPT materials
were determined. Low temperature annealing was used to form the LIy structure.
Low temperature annealing at T = 300°C for ¢ = 1300 hours of plastically deformed
Fey9NiggAly alloy leads to an increase in saturation magnetization Mg by up to about
6%. However, it is premature to talk about the formation of even a small amount of phase
L1y. More research is required.
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Introduction

The China is a practically complete monopolist in the market of rare-earth elements.
There are no alternatives to China in the supply of rare- earth elements. Growing in
recent years, domestic demand for rare-earth elements in China has led to the restriction
of their supplies to the international market, so there is an urgent need to develop
alternative free rare-earth permanent magnets [1-6]. High performance permanent
magnets have become indispensable materials in many industries, ranging from data
storage to small motors and clean energy devices. Thus, the reduction of the content
of critical elements in the production of permanent magnets is an adequate response to
the crisis of the supply of rare-earth metals and their oxides and will make it possible
to avoid the monopolistic dominance of China in the market of rare-earth elements.

Along with rare-earth systems, some Fe-based alloys are some of the most
promising candidates for rare-earth compounds for the production of permanent
magnets. Thus, the FeNi alloy with the L1, phase is a natural free rare-earth elements
permanent magnet. Mineral tetrataenite has a high magnetization and energy density
of magnetocrystalline anisotropy at room temperature in the range of 1.0-1.3 MJ/m? [7|
and also large uniaxial magnetocrystalline anisotropy constant (K, ) of bulk LIy-FeNi is
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as large as 1.3x107 erg/cc. [8; 9], which are comparable to the properties of the most
modern permanent magnets such as Nd-Fe-B [10] and other LIy-type alloys containing
noble metals: CoPt [11], FePt [12], and FePd [13]. Phase is stable only at temperatures
below 600 K, therefore diffusion of atoms is difficult, and for the formation of the LI,
phase from the A7 phase billions of years are needed [14; 15| without any external
influences [16; 17|, therefore an example of a magnetic material with the LI, phase
is an iron or ironstone meteorite. The magnetic properties of tetrataenite are almost
unexplored due to the difficulty of obtaining such a phase [18; 19].

Since the discovery of the hard magnetic phase in a meteorite, the search began in its
receipt in laboratory conditions. Novadays there are several articles in the international
press on attempts to synthesize the magnetic hard LI, phase. The presence of a
magnetic hard phase was detected on FeNi samples which irradiated by intense neutron
fluxes, expressed in an increase in the coercive force and a change in the saturation
magnetization of the irradiated FeNi sample [20; 21|. The synthesis of the tetrataenite
phase in thin films of the FeNi alloy was reported in [22-25] — in the work of K.B.
Reuter [22] reported about using the method of irradiation with electrons with high
energy, and in [23-25] reported about using the method of molecular epitaxy.

In addition to the experimental work, first-principle calculations were carried out
using the electron density functional theory of phase formation processes in the
FeNi system. For example, the results of modeling the spin structure, saturation
magnetization, and others for the alloy with the composition Fe,_,_,Ni,M, (M = Al,
P, S, Ti, V, Cr, Mn, Fe, Co) are given in [26]. Doping with different elements can
stabilize the structure, increase the amount of LI; phase in the parent matrix of the
FeNi alloy, and improve the magnetic properties. Some of these elements are included
in the calculations purely from scientific curiosity, but most came from experimental
work on this topic. For example, in [27; 28| it was suggested that sulfur has a positive
effect on the formation of the L1, phase. The addition of phosphorus to calculate the
possible properties of tetrataenite was due to the fact that meteorites may contain minor
amounts of the phase (Fe, Ni)3P, which, in turn, may influence the formation of the L1,
phase.

In a previous work [29; 30|, we reported the results of research in promising rare-
earth free Fe-Ni-Ti alloys. The aim of this work is to study the magnetic properties of
Fey9NigoAly alloy after severe plastic deformation (SPD) by high pressure torsion (HPT)
technique. Low temperature annealing is planned to use for the formation of the L1,
phase.

Sample preparation and measurements

The FesoNisg and FeygNiggAly alloy were prepared by argon-arc melting using a non-
consumable tungsten electrode from the initial chemical elements Fe, Ni and Al with a
purity of 99.99 at.%. The synthesized samples were inverted and remelted several times
to achieve the best homogenization.

Our ingots were sliced and cut to disc about of 10 mm diameter and 1 mm thickness
for HPT processing. The samples were placed between two anvils and was rotated under
the applied pressure of 6 GPa at room temperature. SPD using HPT method were
described in detail [31]. The total number of turns of the strikers for sample was n = 5.
The diameter of the strikers was 10 mm.

X-ray diffraction (XRD) pattern were collected at room temperature by Brucker
D8 Advance diffractometer using the monochromatic Cu Ka radiation and treated by
modified Rietveld algorithm [32]. The elemental analysis of the synthesized materials
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were carried out using energy dispersive X-ray fluorescence spectroscopy (EDX).
Magnetization curves were measured by a PPMS Quantum Design Versal.ab at T =
50-350 K in magnetic fields up to 3 T. Low temperature annealing was carried out at
T = 300°C for t = 1300 hours.

Result and discussion

The results X-ray diffraction analysis bulk and HPT of FeygNiyAl, samples are
shown in Fig. 1. Severe plastic deformation by HPT method leads to the refinement
of the structure of the material, which is reflected in the broadening of reflections on
diffraction profiles. As the analysis shown, all samples are similar in phase composition
and mainly consist of fec (=99 wt%) and bee (<1 wt%) phases. The lattice parameter
a is equal (3.599 4 0.001) A for FesoNis bulk sample, is equal (3.60040.001) A for
FeoNigAly bulk sample, is equal (3.578+0.001) A for FeyNigAl, HPT sample. As seen
the lattice parameter a change insignificantly with the addition of aluminum for bulk
samples and decrease after SPD.
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Fig. 1. X-ray diffraction pattern of bulk and HPT Fe49Nig9Als samples

The results of magnetic field dependences of magnetization of FesqNisy and
FeyNigAly bulk samples at T = 300 K are shown in Fig. 2. The saturation
magnetization Mg for FesoNisy bulk samples is 154.6 Am?kg~! which is comparable,
for example, with saturation magnetization of Morasko Meteorite-based Fes;Niyg in as-
quenched state (curve in Fig. 2 [33]). The coercive field is 67.6 Oe, and remanence is
18 Am?kg~!. The saturation magnetization decreased up to 10% with the addition of 2%
Al and is to 147.8 Am?kg !, coercive field is 66.2 Oe, and remanence is 5.3 Am?kg~! for
Fey9NiggAls bulk sample. Almost the same values of the coercive force are also expected
due to the fact that we study solid solution of aluminum in an iron-nickel alloy that are
similar in composition.

As reported in [33|, magnetization of the sample reaches its saturation Mg at about
2 T. We observed that magnetization of our FesoNisg and FeygNiggAly samples reaches
its Mg at about 0.5 T. Also we observed that the samples after HPT technique reaches
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its saturation in significantly lower external magnetic field of about 0.2 T (Fig. 2). This
behavior of magnetization is due to the microstructure and different shape anisotropy
of bulk and HPT samples.
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Fig. 2. Magnetic field dependences Fig. 3. Magnetic field dependences
of magnetization of Fe-Ni bulk samples of magnetization of Fey9NiggAls bulk
at T = 300 K. An enlarged low-field region and HPT samples at T = 350 K

of the hysteresis loop is shown in the inset.
The result of magnetic field dependence
of Morasko Meteorite-based FesiNiyg in
as-quenched state is shown by a green curve [33]

As a result of plastic deformation, the samples of FesgNisg and FeygNiggAls in the
submicrocrystalline state were obtained with high concentration of defects and stressed
state. As seen in Fig. 3, a decrease in saturation magnetization was found caused by an
increase in the concentration of defects after plastic deformation. Value of Mg is about
8% smaller (145.2 Am?kg™' and 136.9 Am?kg™' for FesoNisy and FeyoNiggAly alloys
respectively) for HPT samples compared with the saturation magnetization of the bulk
samples. Also a decrease in the coercive force of the plastically deformed material was
found compared to the bulk samples. Decrease in the coercive force Hg is more than
an order of magnitude. This behavior is quite different from most magnetic materials.
One of the explanations may be the formation of a superparamagnetic state in which
the coercive force is zero. The superparamagnetic state is interesting in that the loss
of magnetization is practically zero due to the absence of magnetic hysteresis. The
qualitative isothermal dependence of the coercive force Ho on the characteristic size
of magnetic particles is shown in Fig. 4. One of the reasons for the increase in Hgo
with a decrease in the particle size is the following: with a decrease in the coercive
force, more possibilities (mechanisms) appear for spin rotation in the direction opposite
to the original. Rotation can be additionally associated with a displacement of the
domain boundaries in multidomain particles. As the particle size decreases, the number
of domains decreases, and the role of interdomain boundaries in magnetization reversal
processes becomes less noticeable. Therefore, the coercive force increases with decreasing
d up to the critical particle size d..;;. However, the role of thermal fluctuations increases
with a further decrease in the particle size on going over to single-domain particles. This
explains the decrease in Ho at d < de [34].

According to [35], subsequent low-temperature annealing should accelerate the
kinetics of phase formation and, possibly, lead to the appearance of nuclei of a stable
chemically ordered tetrataenite phase. Our research (Fig. 5 and Fig. 6) shown that low-
temperature annealing at 7' = 300 °C for ¢ = 1300 hours of plastically deformed FesqNisq
and FeygNigAly samples leads to an increase in saturation magnetization Mg by up to
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6% for different compositions. The value of magnetization also increases to 5% in an
external magnetic field yoH = 3 T.
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Fig. 4. Qualitative dependence of the coercive force He on the diameter particles [34]
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Fig. 5. Magnetic field dependences Fig. 6. Temperature dependences
of magnetization before and after low of magnetization before and after low
temperature annealing at 7" = 300°C temperature annealing at 7" = 300°C for ¢t = 1300
for t = 1300 hours of Fes9NiggAlyg hours of Fey9NiggAlyg and FesgNisg HPT samples
and FesoNisg HPT samples at T = 350 K in magnetic field ygH =3 T
Conclusion

Tetrataenite (LIo-FeNi) is a promising candidate for use as a permanent magnet
of rare-earth free elements because of its favorable properties such as high magnetic
anisotropy and coercivity. Soft magnetic Fey9NigAly and FesoNisg metals were deformed
by high pressure torsion and annealed at 7" = 300°C for ¢ = 1300 hours for to form
the L1, structure. When searching for phase we also used X-ray diffraction, energy
dispersive spectroscopy, vibration sample magnetometry. However, our research shown
that it is premature to talk about the formation of even a small amount of phase LI.
More research is required.
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yuusepcurer), Yensbunck, Pocenst; e-mail: tsv@csu.ru.

>kanr Xy, npodeccop MKOJIbI MaTepUAJIOBEICHIST U UHXKEHEPUN, Y HUBEPCUTET HAYKHA U TeX-
nosoruii Ilekuna, [lekwn, Kurait; e-mail: zhanghu@ustb.edu.cn.

T'yunepos Amurpuit BasepbeBud, 10KTOp (GU3MKO-MATEMATUYECKUX HAYK, BEIYIIUI Ha-
VUIHBIN COTPYIHUK, 3aBeylomuil jaboparopueil pu3nku HAHOCTPYKTYPHBIX MaTepuason, Mu-
ctutyT dusuku mojekyn u kpucrajaaos YDOUIL PAH; Bemymuit HaydHBIH COTPYIHUK, PYKO-
BoOJUTE b Ipylibl «HaHoCTpyKTypHBIE MeTacTaOUIbHBIE CILIABBI U MaTepHUaJIbl ¢ 3(PHEeKTOM
naMsTu (popMbl», HCTUTYT (DUBUKN ITEPCIIEKTUBHBIX MAaTEpUaJIOB, Y PUMCKHIA rOCyIapCcTBeH-
HBIIl aBUAIMOHHBIN TeXHUYECKUil yHuBepcuret, Y da, Poccust; e-mail: dimagun@mail.ru.
2Kepebrios Jdmurpuii AHaTONBEBUY, JOKTOP XUMUIECKAX HAYK, JOIEHT, CTApIIUil Hayd-
HBII COTPY/IHUK YIIPaBJIEHUsI HHHOBAIMOHHOM JtesiTesibHOCTH, FOKHO-Y pasIbcKuil rocyiapcTBeH-
HBII yHUBepcUTeT (HAIMOHAJBHBII HCCIe0BaTeIbCKI yHIBepenTeT), Yenssounck, Poccust; e-
mail: zherebtcovda@susu.ru.

VYabauoBa EBrenus IlaBioBHa, kanauaaT GpUIOJOIIIeCKAX HayK, domeHT Kadeapbr PKU,
FO2xHO-YpasibcKuii TOCY/IapCTBEHHBIN YHUBEPCUTET (HAIMOHAJIBHBIH UCCIIeI0BATEIbCKIUI YHU-
Bepcuter), Yensounck, Pocenst; e-mail: marzhenya@yandex.ru.



