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Abstract

:

At present, magnesium master alloys with such rare earth metals (REM) as yttrium are used in the production of alloys of magnesium and aluminum. These alloys especially the system Mg-6Zn-1Y-0,5Zr are commonly used in the aircraft and automotive industries. The article is devoted to the exploration of the synthesis process features for ternary magnesium master alloys with yttrium and zinc. The authors used X-ray fluorescence analysis (XRF), differential thermal analysis (DTA), and X-ray spectral analysis (XRD). Optical microscopy was used to conduct microstructural studies. The thermal effects that occur during metallothermic reactions of yttrium reduction from the YF3-NaCl-KCl-CaCl2 salt mixture with a melt of magnesium and zinc were investigated, and the temperatures of these effects were determined. It has been confirmed that the metallothermic reaction of yttrium reduction proceeds from the precursors of the composition: Na1.5Y2.5F9, NaYF4, Na5Y9F32, and KY7F22, and starts at a temperature of 471 °C. The results of experimental studies of the process of metallothermic reduction of yttrium from the salt mixture YF3-NaCl-KCl-CaCl2 are presented in detail. These experiments were carried out in a pit furnace at temperatures ranging from 650 to 700 °C, and it was found that, at a synthesis temperature of 700 °C, the yttrium yield is up to 99.1–99.8%. The paper establishes rational technological regimes for the synthesis (temperature 700 °C, exposure for 25 min, the ratio of chlorides to yttrium fluoride 6:1, periodic stirring of the molten metal) at which the yttrium yield reaches up to 99.8%. The structure of the master alloy samples obtained during the experiments was studied. That structure can be distinguished by a uniform distribution of ternary intermetallic compounds (Mg3YZn6) in the bulk of the double magnesium–zinc eutectic. Studies have been carried out on testing the obtained ternary master alloy as an alloying material in the production of alloys of the Mg-6Zn-1Y-0.5Zr system, while the digestibility of yttrium ranged from 91 to 95%.
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1. Introduction


Yttrium has an atomic radius of 0.18012 nm, with a maximum solubility in solid magnesium of 3.6 wt. %. It is actively used as an alloyage supplement in cast and wrought magnesium alloys, in particular, in alloys of grades ML-19 and IMV7-1, as well as in Mg-Zn-Y, Mg-Sn-Zn-Y, Mg-Y-Mn, Mg-Y-Gd-Ca, and other mixtures [1,2,3,4,5,6]. Previously, it was found that the alloyage of magnesium alloys with yttrium affects the grain refinement; moreover, the supplement of yttrium into the magnesium alloy in the amount of up to 5.0 wt. % reduces the average grain size of magnesium to 33.62 microns.



The efficiency of using REM for the alloyage of magnesium and aluminum alloys [7,8,9,10,11], yttrium in particular, has been proven for a long time. However, the research aimed at improving the properties of magnesium–yttrium alloys continues to this day by scientists from various countries of the world [12,13,14,15,16,17,18,19]. Moreover, zinc is one of the widely used alloying additions in magnesium alloys and is introduced to increase strength in both cast and wrought magnesium alloys. Zinc with REM is usually used in magnesium alloys of various grades. Such additives are introduced to increase the efficiency of heat treatments; due to this, the yield strength and creep resistance of the alloy are each significantly increased. [20,21].



Obtaining light metal-based alloys with improved mechanical properties and performance characteristics depends to a greater extent on the type and quality of the master alloys used [22,23,24,25,26], such that their supplement, and subsequent assimilation, determines the microstructural structure of both alloys and cast products and ingots [27,28,29]. The relevance of the use of such alloys lies in the low rate of dissolution and assimilation of pure refractory components in the magnesium melt. It also lies in the high degree of assimilation of easily oxidized alloyage components [30]. It was determined that the main method for the production of foundry alloys is the direct alloying method, which is characterized by high temperatures which, accordingly, lead to high irretrievable losses of alloying elements. In this regard, the authors carry out research on obtaining double and ternary master alloys from their compounds by the method of the metallothermic reduction of REM. Ultimately, the presence of zinc in the composition of ternary master alloys provides a decrease in melting points, and also increases the solubility of refractory alloying elements.



The supplement of REM in the form of ternary master alloys with magnesium and zinc can be effectively implemented in the production of alloys. Particularly, it can be used for alloys based on magnesium and aluminum, since a large number of magnesium–yttrium alloy systems include zinc, introduced to increase durability [31,32,33,34,35,36]. In addition, its presence in the composition of ternary master alloys ensures a decrease in their melting points, and also provides a higher solubility of refractory elements in them [36]. It should be noted that magnesium and its alloys ignite when heated in air at temperatures above 500 °C, while the combustion of magnesium is accompanied by the release of a large amount of heat. Fluxes of various chemical compositions are used in industry to prevent the ignition of magnesium in the synthesis of master alloys. It is known that the composition of the technological salt mixture (flux), namely, its state of aggregation and thermal stability, have a direct impact on the technological parameters of the process of obtaining master alloys based on magnesium [37,38]. In this work, based on the known data [37], the base of the salt mixture of the composition 35KCl-35NaCl-30CaCl2 was chosen. A new component, yttrium fluoride, was added to this flux in order to form complex compounds that are precursors in the production of Mg-Zn-Y ternary master alloys. Based on previous studies [36,37,38], it is important to emphasize that the use of fluxes in the melting of magnesium alloys does not reduce their corrosion resistance in further operations.



Due to the approval of the Strategy for the Development of the Russian Metallurgical Industry for the period up to 2030 [39], the task of obtaining magnesium master alloys of a new composition for the domestic magnesium industry has an increased priority. According to this document, it is necessary to increase the production of high added-value metallurgical products. Moreover, to increase the efficiency of mineral raw materials’ processing, it is highly important for the state to stimulate Russian metallurgical companies to make improvements in the technical level of production [40,41,42,43,44,45,46,47]. In this regard, the research was aimed at studying the features of the process for obtaining ternary master alloys (Mg-Zn-Y), with the identification of technological conditions for their preparation.




2. Materials and Methods


Thermal analysis was performed on the STA 429 CD (NETZSCH, Selb, Germany) setup in an alundum melting pot with lids, in an argon flow, and at a heating rate of 10 °C/min to a temperature of 780 °C.



Studies on the magnesium thermal reduction of yttrium fluoride from molten salts in the presence of zinc were carried out at a variable synthesis process time, from 15 to 25 min, and with a synthesis temperature ranging from 650 to 700 °C. The constant ratio of magnesium to zinc (Mg:Zn) was 1:2, and the variable ratio of yttrium fluoride to chlorides was 1:6. The following methodology was developed for conducting experimental studies. At the start, a flux of composition YF3+(35NaCl-35KCl-30CaCl2 wt. %) was prepared. Then, it was mixed in a laboratory mixer and loaded into the melting pot, together with a magnesium ingot and granulated zinc. It was installed in a muffle furnace, heated to a predetermined temperature. The synthesis process was carried out by holding the melting pot in a furnace at specified temperatures and times in two modes: with periodic stirring of the melt and without stirring. After the end of the reaction of the exothermic reduction of yttrium, the melt was settled. Next, the spent salt melt, mostly its surface part, was poured off. Then, molds were filled with the master alloy. During the experiments, the mass ratio of the components of the 35NaCl-35KCl-30CaCl2 salt mixture was maintained constant. Yttrium fluoride was added while observing the mass ratio of chlorides to YF3 in the mixture 6:1. The required amount of yttrium in the alloy was achieved by changing the amount of magnesium and zinc during the recovery of yttrium fluoride from the salt melt. Three parallel experiments have been conducted, and results show the average values of the degree of the yttrium extraction.



An XRF-1800 spectrometer (Shimadzu, Kyoto, Japan) was used to perform an elemental analysis of the master alloys′ samples that were obtained during the experiments. The phases of the spent salt mixture were identified using the XRD-7000 diffractometer (Shimadzu, Kyoto, Japan). The metallographic examination of the samples of the obtained master alloys was conducted using an Axiovert 40 MAT, an optical microscope made by the Carl Zeiss company (Oberkochen, Germany).




3. Research Results and Discussion


To understand the stages of the synthesis process for the ternary master alloy from a chloride–fluoride melt of the composition YF3:(NaCl-KCl-CaCl2) (1:6), the phases of a pre-melted salt mixture of a given composition were identified. This showed that during the melting of a salt mixture, YF3 interacts with potassium and sodium chlorides, forming complex compounds of the composition: KY7F22, NaYF4, Na1.5Y2.5F9, and Na5Y9F32, which, in turn, are precursors in the production of a ternary master alloy with the formation of MgxYyZnz intermetallic compounds. Figure 1 shows the radiograph of the salt mixture after melting, and Figure 2 shows the radiograph of the salt mixture after the separation of water-soluble chlorides.



At the following stage, the thermal analysis of the master alloy synthesis for a given composition, in the presence of magnesium and zinc, from a technological salt mixture YF3:(NaCl-KCl-CaCl2) (6:1), was carried out. Figure 3 shows the thermogram obtained by heating a mixture of YF3-NaCl-KCl-CaCl2 with magnesium and zinc.



It was determined that the endothermic effect, formed at a temperature of 416.2 °C and with the highest point at 435.9 °C, coincides with the melting of the most low-melting element in a given system, namely, granulated zinc, which has a melting point of 419.6 °C. After that, the molten zinc begins to actively interact with the magnesium ingot (2Zn + Mg = MgZn2); this can be confirmed by the exothermic effect, with a minimum at the temperature of 447.1 °C, which ends at 471.2 °C. When the temperature reaches 471.2 °C, an exothermic effect with a slight inflection is detected on the thermogram; it ends at the temperature of 588.9 °C, and is interrupted by the melting, most likely, of the double intermetallic compound MgZn2, with an endothermic effect and maximum at the temperature of 596.2 °C [48]. After that, in the range from 598.1 to 662.2 °C, another exothermic effect is detected. The revealed exothermic effects indicate the occurrence of an exothermic reduction reaction of YF3 (YF3 + MgZn2 = MgxZnyYz + MgF2) from the salt mixture with a magnesium–zinc melt, which is confirmed by the Mg-Zn-Y composition obtained after the analysis of the metal bead.



At the next stage of the experiments, the main task was to determine the optimal technological parameters for melting so that the higher yttrium yield for the master alloy could be achieved. The results of the studies that were carried out, the experiments that were conducted, and the initial data on obtaining a ternary master alloy are shown in Table 1.



It was determined that the result of the exothermic reactions of the yttrium reduction from the obtained salt mixture (YF3-NaCl-KCl-CaCl2) by a magnesium–zinc melt is the production of a magnesium–zinc–yttrium ternary master alloy. According to experimental data, it was discovered that with an increase in the ratio of YF3 to chlorides to 1:6 in the technological salt mixture, the yield of yttrium increases to 99.8%. There were no significant changes to the yttrium yield after increasing the temperature to 700 °C. The main result of the research was obtaining the ternary master alloys, with a 25% Y wt. content and a clean surface without non-metallic inclusions and gas pores. The macro images were taken on a Canon 60D and Canon 100 mm f/2.8 macro (Tokyo, Japan) (Figure 4).



There were no requirements or standards for ternary master alloys of the studied composition, so for the purpose of making a comparison of the content of impurities, the list of requirements for the magnesium–neodymium master alloy was taken as a reference. This master alloy is also used in the production of heat-resistant magnesium alloys. According to TU 48-4-271-91, concerning the impurities content, the Mg-Zn-Y master alloy meets the requirements for magnesium master alloys Mg-Nd (grade MN) (Table 2).



Microstructural studies show that the obtained samples of the magnesium-zinc-yttrium master alloy are characterized by a structure that includes the double magnesium-zinc eutectic and uniformly distributed intermetallic compounds of the composition Mg3YZn6 [49]. Figure 5 shows typical images of the microstructures of the magnesium-zinc–yttrium master alloy obtained by magnesium thermal reduction of a chloride-fluoride melt.



At the final stage, the resulting ternary master alloy was tested as an alloyage material, which was carried out during the production of the alloy system Mg-6Zn-1Y-0.5Zr in a muffle furnace. The heat treatment of the obtained alloys, as well as further tests, were not carried out at this stage. The assimilation of yttrium in the process of obtaining an alloy ranged from 94 to 98%, while the structure of the obtained alloy is a microstructure typical of magnesium alloys, which is characterized by uniformity and a grain size that equals 52.4 μm on average (Figure 6).




4. Conclusions


Experimental studies were carried out, and as a result, a magnesium-zinc-yttrium ternary master alloy was obtained, and technological solutions were developed that ensure a high extraction of yttrium (up to 99.8%) into the Mg-Zn-Y ternary master alloy from fluoride during metallothermic reduction. Rational technological regimes for the synthesis (temperature 700 °C, exposure time 25 min, ratio of yttrium fluoride to chlorides 1:6, periodic stirring of the melt) were revealed, at which a high degree of yttrium extraction is achieved.



Using differential thermal analysis, the starting and ending points of the reduction reaction of yttrium with a magnesium–zinc melt from its fluoride in a chloride melt were determined: it occurs at the temperature of 471 °C, and is then further confirmed by an exothermic effect that ends at the temperature of 588.9 °C.



The structure of the obtained samples can be distinguished by the uniform distribution of ternary intermetallic compounds (Mg3YZn6) in the bulk of a double magnesium–zinc eutectic.



The detailed study was carried out on testing the obtained ternary master alloy as an alloying material in the production of alloys of the system Mg-6Zn-1Y-0.5Zr, while the digestibility of yttrium ranged from 94 to 98%.



The data obtained can be used as the basis for the development of an industrial technology for the production of magnesium–zinc–yttrium alloys, as well as for the development of standards for their use in non-ferrous and ferrous metallurgy.







Author Contributions


Conceptualization, I.B.; methodology, S.S.; software, I.B.; validation, S.S., I.B.; investigation, I.B.; resources, S.S.; writing—original draft preparation, S.S.; writing—review and editing, I.B.; visualization, I.B.; project administration, I.B.; funding acquisition, I.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors thank Saint Petersburg Mining University for enabling the laboratory experiments. The investigations were carried out using the equipment of the Scientific Center “Issues of Processing Mineral and Technogenic Resources” and Educational Research Center for Digital Technology of the Saint Petersburg Mining University.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rokhlin, L.L.; Lukyanova, E.A.; Dobatkina, T.V.; Tarytina, I.E.; Korolkova, I.G. Effect of Rare-Earth Metals (Dy, Tb, Sm, Nd ) on Structure and Mechanical Properties of the Mg-Y-Gd-Zr System Alloys. Available online: https://stumejournals.com/journals/mtm/2017/7/373 (accessed on 16 May 2022).

	



Wang, J.; Li, Y.; Xu, R. The thermal stability and activation energy of the nanocrystalline Mg-Zn-Y alloy obtained by high pressure torsion. Mater. Lett. 2020, 268, 127607. [Google Scholar] [CrossRef]

	



Chen, Y.; Wang, Y.; Gao, J. Microstructure and mechanical properties of as-cast Mg-Sn-Zn-Y alloys. J. Alloy. Compd. 2018, 740, 727–734. [Google Scholar] [CrossRef]

	



Volkova, E.F.; Duyunova, V.A.; Mostyaev, I.V.; Akinina, M.V. Regularities of the formation and features of the influence of a fine structure on the properties of a new-generation magnesium alloy. J. «Almaz—Antey» Air Space Def. Corp. 2020, 55–63. [Google Scholar] [CrossRef]

	



Dvorsky, D.; Kubasek, J.; Vojtech, D.; Minarik, P. Novel aircraft Mg-Y-Gd-Ca alloys with high ignition temperature and suppressed flammability. Mater. Lett. 2020, 264, 127313. [Google Scholar] [CrossRef]

	



Niu, R.L.; Yan, F.J.; Duan, D.P.; Yang, X.M. Effect of yttrium addition on microstructures, damping properties and mechanical properties of as-cast Mg−based ternary alloys. J. Alloy. Compd. 2019, 785, 1270–1278. [Google Scholar] [CrossRef]

	



Aryshenskii, E.; Lapshov, M.; Hirsch, J.; Konovalov, S.; Bazhenov, V.; Drits, A.; Zaitsev, D. Influence of the small sc and zr additions on the as-cast microstructure of al–mg–si alloys with excess silicon. Metals 2021, 11, 1797. [Google Scholar] [CrossRef]

	



Yashin, V.V.; Aryshensky, E.V.; Drits, A.M.; Latushkin, I.A. Effect of hafnium transition metal additives on the microstructure of 01570 aluminum alloy. Tsvetnye Met. 2020, 2020, 84–90. [Google Scholar]

	



Belov, N.A.; Akopyan, T.K.; Korotkova, N.O.; Naumova, E.A.; Pesin, A.M.; Letyagin, N.V. Structure and Properties of Al-Ca(Fe, Si, Zr, Sc) Wire Alloy Manufactured from As-Cast Billet. JOM 2020, 72, 3760–3768. [Google Scholar] [CrossRef]

	



Akopyan, T.K.; Letyagin, N.V.; Belov, N.A.; Shurkin, P.K. New eutectic type Al alloys based on the Al-Ca-La(-Zr, Sc) system. Mater. Today: Proc. 2019, 19, 2009–2012. [Google Scholar] [CrossRef]

	



Deev, V.; Prusov, E.; Shurkin, P.; Ri, E.; Smetanyuk, S.; Chen, X.; Konovalov, S. Effect of La addition on solidification behavior and phase composition of cast Al-Mg-Si Alloy. Metals 2020, 10, 1673. [Google Scholar] [CrossRef]

	



Liu, L.L.; Sun, W. A kind of sandwich-combined precipitate formed in a duplex-aged Mg-Gd-Y alloy. Mater. Lett. 2021, 285, 129099. [Google Scholar] [CrossRef]

	



Baek, S.M.; Lee, S.Y.; Kim, J.C.; Kwon, J.; Jung, H.; Lee, S.; Lee, K.S.; Park, S.S. Role of trace additions of Mn and Y in improving the corrosion resistance of Mg–3Al–1Zn alloy. Corros. Sci. 2021, 178, 108998. [Google Scholar] [CrossRef]

	



Chen, J.; Tan, L.; Yu, X.; Yang, K. Effect of minor content of Gd on the mechanical and degradable properties of as-cast Mg-2Zn-xGd-0. 5Zr alloys. J. Mater. Sci. Technol. 2019, 35, 503–511. [Google Scholar] [CrossRef]

	



Liu, J.; Yang, L.; Zhang, C.; Zhang, B.; Zhang, T.; Li, Y.; Wu, K.; Wang, F. Role of the LPSO structure in the improvement of corrosion resistance of Mg-Gd-Zn-Zr alloys. J. Alloy. Compd. 2019, 782, 648–658. [Google Scholar] [CrossRef]

	



Luk’yanova, E.A.; Rokhlin, L.L.; Dobatkina, T.V.; Korol’kova, I.G.; Tarytina, I.E. Effect of Samarium on the Properties of Mg–Y–Gd–Zr Alloys. Russ. Metall. 2018, 2018, 51–55. [Google Scholar] [CrossRef]

	



Rokhlin, L.L.; Dobatkina, T.V.; Luk’yanova, E.A.; Tarytina, I.E.; Temralieva, D.R. Effect of Holmium and Ytterbium on Age Hardening of High-Strength Magnesium Alloy IMV7-1 of the Mg—Y—Gd—Zr System. Met. Sci. Heat Treat. 2019, 61, 428–433. [Google Scholar] [CrossRef]

	



Guobing, W.; Xiaodong, P.; Junchen, L.; Weidong, X.; Qunyi, W. Structure heredity effect of Mg-10Y master alloy in AZ31 magnesium alloy. Rare Met. Mater. Eng. 2013, 42, 2009–2013. [Google Scholar] [CrossRef]

	



Zhang, J.; Liu, S.; Wu, R.; Hou, L.; Zhang, M. Recent developments in high-strength Mg-RE-based alloys: Focusing on Mg-Gd and Mg-Y systems. J. Magnes. Alloy. 2018, 6, 277–291. [Google Scholar] [CrossRef]

	



Zhou, L.; Huang, Y.D.; Mao, P.L.; Kainer, K.U.; Liu, Z.; Hort, N. Influence of composition on hot tearing in binary mg-zn alloys. Int. J. Cast Met. Res. 2011, 24, 170–176. [Google Scholar] [CrossRef]

	



Cheremisina, O.V.; Cheremisina, E.; Ponomareva, M.A.; Fedorov, A. Sorption of rare earth coordination compounds. J. Min. Inst. 2020, 244, 474–481. [Google Scholar] [CrossRef]

	



Peng, X.; Li, J.; Xie, S.; Wei, G.; Yang, Y. Effects of different state Mg-5Sr-10Y master alloys on the microstructure refinement of AZ31 magnesium alloy. Rare Met. Mater. Eng. 2013, 42, 2421–2426. [Google Scholar] [CrossRef]

	



Skachkov, V.M.; Yatsenko, S.P. Obtaining of Sc, Zr, Hf and Y base metals on the basis of aluminum by method of high-temperature exchange reactions in salt melts. Tsvetnye Met. 2014, 3, 22–26. [Google Scholar]

	



Yatsenko, S.P.; Skachkov, V.M.; Krasnenko, T.I.; Pasechnik, L.A. Diffusion-Hardening Alloys: Synthesis, Properties and Application. Available online: https://www.rudmet.ru/journal/1290/article/21970/ (accessed on 16 May 2022).

	



Bazhin, V.Y.; Issa, B. Influence of heat treatment on the microstructure of steel coils of a heating tube furnace. J. Min. Inst. 2021, 249, 393–400. [Google Scholar] [CrossRef]

	



Sultanbekov, R.R.; Terekhin, R.D.; Nazarova, M.N. Effect of temperature fields and bottom sediments of oil products on the stress-strain state of the design of a vertical steel tank. J. Phys. Conf. Ser. 2020, 1431, 012055. [Google Scholar] [CrossRef]

	



Nikitin, K.V.; Nikitin, V.I.; Deev, V.B.; Timoshkin, I.Y. The structure of alfe5 master alloys produced from recyclable scrap steel and its effect on the properties of aluminium alloys. Tsvetnye Met. 2020, 2020, 75–81. [Google Scholar] [CrossRef]

	



Xu, C.; Liu, X.; Ma, F.; Wang, Z.; Wang, W.; Ma, C. Preparation of Al-Sc Master Alloy by Aluminothermic Reaction with Special Molten Salt. In ICAA13 Pittsburgh; Weiland, H., Rollett, A.D., Cassada, W.A., Eds.; Springer: Cham, Switzerland, 2012; pp. 195–200. [Google Scholar]

	



Savchenkov, S.A.; Bazhin, V.Y.; Povarov, V.G. Research on the process of gadolinium recovery from the melt of salts on formation of Mg-Zn-Gd master alloys for manufacturing of magnesium and aluminium special-purpose alloys. Non-Ferr. Met. 2020, 48, 35–40. [Google Scholar] [CrossRef]

	



Meier, J.M.; Miao, J.; Liang, S.M.; Zhu, J.; Zhang, C.; Caris, J.; Luo, A.A. Phase equilibria and microstructure investigation of Mg-Gd-Y-Zn alloy system. J. Magnes. Alloy. 2021, 10, 689–696. [Google Scholar] [CrossRef]

	



Zhao, D.; Chen, X.; Li, J.; Tan, J.; Pan, F. Microstructure, texture and mechanical properties of the rolled high modulus Mg-Y-Zn-Al-Li alloy. Mater. Sci. Eng. A 2022, 831, 142242. [Google Scholar] [CrossRef]

	



Takagi, K.; Hashamova, E.; Dienwiebel, M.; Mine, Y.; Takashima, K. Correlation of wear behaviour and microstructural evolution in Mg-Zn-Y alloys with long-period stacking ordered phase. Wear 2021, 482–483, 203983. [Google Scholar] [CrossRef]

	



Chen, H.; Wang, J.; Meng, X.; Xie, Y.; Li, Y.; Wan, L.; Huang, Y. Ultrafine-grained Mg-Zn-Y-Zr alloy with remarkable improvement in superplasticity. Mater. Lett. 2021, 303, 130524. [Google Scholar] [CrossRef]

	



Li Bi, G.; Wang, Y.; Jiang, J.; Gu, J.; Li, Y.; Chen, T.; Ma, Y. Microstructure and mechanical properties of extruded Mg-Y-Zn (Ni) alloys. J. Alloy. Compd. 2021, 881, 160577. [Google Scholar] [CrossRef]

	



Zhang, Y.; Ye, C.; Shen, Y.; Chang, W.; John, S.D.; Wang, G.; Zhai, Q. Grain refinement of hypoeutectic Al-7wt.%Si alloy induced by an Al–V–B master alloy. J. Alloy Compd. 2020, 812, 152022. [Google Scholar] [CrossRef]

	



Belkin, G.I. Proizvodstvo Magnij-Cirkonievyh Ligatur i Splavov [Production of Magnesium-Zirconium Alloys and Alloys]; Metallurgizdat: Moscow, Russia, 2001; 146p. [Google Scholar]

	



Emley, E.F. Principles of Magnesium Technology Pergamon Press, 1st ed.; Pergamon Press: Oxford, UK, 1966; ISBN 978-0080106731. [Google Scholar]

	



Ohmann, S.; Ditze, A.; Scharf, C. Re-melting of magnesium chips. World Metall.—Erzmetall 2014, 67, 330–338. [Google Scholar]

	



Development Strategies for Non-Ferrous Metallurgy in Russia. Available online: https://www.garant.ru/products/ipo/prime/doc/70595824/ (accessed on 16 May 2022).

	



Pyagay, I.N.; Shaidulina, A.A.; Konoplin, R.R.; Artyushevskiy, D.I.; Gorshneva, E.A.; Sutyaginsky, M.A. Production of Amorphous Silicon Dioxide Derived from Aluminum Fluoride Industrial Waste and Consideration of the Possibility of Its Use as Al2O3-SiO2 Catalyst Supports. Catalysts 2022, 12, 162. [Google Scholar] [CrossRef]

	



Kondrasheva, N.K.; Rudko, V.A.; Nazarenko, M.Y.; Gabdulkhakov, R.R. Influence of parameters of delayed asphalt coking process on yield and quality of liquid and solid-phase products. J. Min. Inst. 2020, 241, 97–104. [Google Scholar] [CrossRef]

	



Kameshkov, A.V.; Kondrasheva, N.K.; Gabdulkhako, R.R.; Rudko, V.A. Comparison of coking additives obtained from different types of oil stock. Tsvetnye Met. 2020, 2020, 35–42. [Google Scholar] [CrossRef]

	



Yurak, V.V.; Dushin, A.V.; Mochalova, L.A. Vs sustainable development: Scenarios for the future. J. Min. Inst. 2020, 242, 242–247. [Google Scholar] [CrossRef]

	



Sultanbekov, R.; Islamov, S.; Mardashov, D.; Beloglazov, I.; Hemmingsen, T. Research of the Influence of Marine Residual Fuel Composition on Sedimentation Due to Incompatibility. J. Mar. Sci. Eng. 2021, 9, 1067. [Google Scholar] [CrossRef]

	



Litvinenko, V.; Bowbrick, I.; Naumov, I.; Zaitseva, Z. Global guidelines and requirements for professional competencies of natural resource extraction engineers: Implications for ESG principles and sustainable development goals. J. Clean. Prod. 2022, 338, 130530. [Google Scholar] [CrossRef]

	



Zhukovskiy, Y.; Tsvetkov, P.; Buldysko, A.; Malkova, Y.; Stoianova, A.; Koshenkova, A. Scenario Modeling of Sustainable Development of Energy Supply in the Arctic. Resources 2021, 10, 124. [Google Scholar] [CrossRef]

	



Aleksandrova, T.N.; Heide, G.; Afanasova, A.V. Assessment of refractory gold-bearing ores based of interpretation of thermal analysis data. J. Min. Inst. 2019, 235, 30–37. [Google Scholar] [CrossRef]

	



Ouyang, Y.; Liu, K.; Peng, C.; Chen, H.; Tao, X.; Du, Y. Investigation of diffusion behavior and mechanical properties of Mg-Zn system. Calphad 2019, 65, 204–211. [Google Scholar] [CrossRef]

	



Savchenkov, S.A.; Bazhin, V.Y.; Brichkin, V.N.; Ugolkov, V.L.; Kasymova, D.R. Synthesis of magnesium-zinc-yttrium master alloy. Lett. Mater. 2019, 9, 339–343. [Google Scholar] [CrossRef]








[image: Crystals 12 00771 g001 550] 





Figure 1. X-ray pattern of melted salt mixture YF3–NaCl–KCl–CaCl2 after melting. 
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Figure 2. X-ray pattern of melted salt mixture YF3-NaCl-KCl-CaCl2 after the separation of chlorides. 
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Figure 3. DTA curve for the melting of a YF3-NaCl-KCl-CaCl2 mixture with magnesium and zinc when heated to 780 °C. 
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Figure 4. Macrostructure of the Mg-Zn-Y master alloy: (a) 5×; (b) 5.5×. 
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Figure 5. Microstructure of the master alloy 25Mg-50Zn-25Y; (a) 100×, (b) 200×, (c) 500×. 
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Figure 6. Microstructure of the Mg-6Zn-1Y-0.5Zr alloy wt. %; (a) 100×, (b) 200×, (c) 500×, (d) 1000×. 
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Table 1. Results of experiments on obtaining Mg-Zn-Y master alloy.






Table 1. Results of experiments on obtaining Mg-Zn-Y master alloy.





	Melt No.
	Ratio YF3:

Chlorides
	T, °C
	t, min
	Stirring
	Recovery Y, %





	1
	1:4
	650
	15
	no
	87.1



	2
	1:6
	650
	15
	no
	96.2



	3
	1:4
	700
	15
	yes
	87.8



	4
	1:6
	700
	15
	yes
	99.1



	5
	1:4
	650
	25
	yes
	86.4



	6
	1:6
	650
	25
	yes
	94.2



	7
	1:4
	700
	25
	no
	89.1



	8
	1:6
	700
	25
	no
	98.3



	9
	1:4
	650
	15
	yes
	86.2



	10
	1:6
	650
	15
	yes
	99.6



	11
	1:4
	700
	15
	no
	88.2



	12
	1:6
	700
	15
	no
	94.4



	13
	1:4
	650
	25
	no
	86.3



	14
	1:6
	650
	25
	no
	95.1



	15
	1:4
	700
	25
	yes
	89.1



	16
	1:6
	700
	25
	yes
	99.8
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Table 2. Elemental composition of the master alloy 25Mg-50Zn-25Y (TU 48-4-271-91).
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Composition

	
Mass Fraction, %




	
Main Components

	
Impurities, Less




	
Zn

	
Mg

	
REM

	
Fe

	
Ni

	
Cu

	
Al

	
Sc






	
Mg-Nd

	
-

	
basis

	
20–35

	
0.15

	
0.01

	
0.1

	
0.05

	
0.05




	
Mg-Zn-Y

	
basis

	
25.6

	
23.9

	
0.09

	
-

	
0.05

	
0.03

	
0.04
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