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РЕФЕРАТ
Отчет 60 с., 1 кн., 20 рис., 2 табл., 22 источн., 4 прил.
ФОТОЭНЕРГЕТИКА, КРЕМНИЙ, ПРИМЕСИ, ШЛАКОВАЯ ОЧИСТКА, НАПРАВЛЕННАЯ КРИСТАЛЛИЗАЦИЯ, ТРОЙНЫЕ СПЛАВЫ
Объекты исследований: оборудование и методы получения металлургического кремния высокой чистоты и тройного сплава CaAl2Si2.
Цель исследований: Целью проекта является модернизация оборудования и технологии получения поликремния и тройного интерметаллического сплава CaAl2Si2 для солнечной фотоэнергетики и электронной промышленности.
Методы исследований: Алюмотермическое восстановление и шлаковая очистка кремния в индукционной плавильной печи, кристаллизационная очистка, рентгенофазная дифрактометрия с использованием дифрактометра Дрон-6 для определения фазового состава кремния и оптическая спектроскопия с использованием спектрометра Optima 2000DV с индуктивно-связанной плазмой для определения примесного состава.
Результаты исследований и их новизна: Получены тройные сплавы Al/Ca/Si в модернизированной индукционной печи с графитовым тиглем. На фазовых диаграммах тройной системы СаО-Al2O3-SiO2 установлена область доступных составов исходной шихты и конечных шлаков в алюмотермических процессах восстановления оксида кремния с получением кремния, его очистки синтетическими шлаками, а также получения тройного сплава CaAl2Si2. Показана возможность снижения вязкости расплавов без применения разжижающей добавки CaF2. Показано, что основным компонентом тройного сплава, получаемого в процессе алюмотермического восстановления оксида кальция в среде жидкого кремния, является соединение CaAl2Si2, кристаллы которого имеют кубическую структуру. Показано, что в ходе алюмотермического процесса без использования разжижающей добавки CaF2 необходимо поддерживать бинарную систему CaO-Al2O3 в определенном диапазоне долей компонентов, не допуская уменьшения доли CaO ниже критической, при которой температура затвердевания расплава может стать выше 1550℃.
Область применения: производство материалов для солнечной фотоэнергетики и электронной промышленности.
Прогнозные предположения о развитии объекта исследования: Организация и научно-технологическое сопровождение конкурентоспособного, наукоемкого, экологически чистого производства поликремния и новых материалов на его основе. Ожидаемый положительный социально-экономический эффект высок и связан с созданием новых рабочих мест для привлечения высококвалифицированного персонала.


ABSTRACT
The report contains 60 pages, 1 book, 20 figures, 2 tables, 22 references, 4 appendixes.
PHOTOVOLTAICS, SILICON, IMPURITIES, SLAG REFINEMENT, DIRECTIONAL SOLIDIFICATION, TERNARY ALLOYS
Objects of investigations: equipment and methods of obtaining upgraded metallurgical silicon and ternary alloy CaAl2Si2.
Aim of the investigations: The aim of the project is modernization of the equipment and technology to obtain polysilicon and a ternary intermetallic alloy CaAl2Si2 for the solar photovoltaics and electronic industry.
Investigation methods: Aluminothermic reduction and slag refinement of silicon in an induction melting furnace, directional solidification, X-ray diffraction using a Dron-6 diffractometer to determine the phase composition of silicon and optical emission spectroscopy using an Optima 2000DV spectrometer with an inductively coupled plasma to determine the phase composition.
Investigation results and their novelty: Ternary Al/Ca/Si alloys were obtained in a modernized induction furnace with a graphite crucible. In the phase diagrams of the СаО-Al2O3-SiO2 ternary system, a region of accessible compositions of the original charge and the resulting slags is determined following the aluminothermic processes of the silicon dioxide reduction with production of silicon, its purification using synthetic slags and the production of the ternary CaAl2Si2 alloy. The possibility of reducing the viscosity of the melts avoiding the diluent additive CaF2 is demonstrated. It is demonstrated that the main component of the ternary alloy obtained in the process of aluminothermic reduction of calcium oxide in a liquid silicon environment is the CaAl2Si2 compound whose crystals have a cubic structure. A mechanism of formation of the CaAl2Si2 ternary alloy, in which the atoms of Al and Si in the presence of oxides form an intermediate compound Al3.21Si0.47 which reacts with the reduced Ca atom to form CaAl2Si2. It has been shown that during the aluminothermic process, in the absence of the diluent additive CaF2, a binary system CaO-Al2O3 must be sustained in the specific range of the component ratios, avoiding the decrease of the amount of CaO below the critical value for which the melt solidification temperature may exceed 1550℃. 
Field of application: production of materials for photovoltaics and electronic industry.
Forecast on the development of the object of investigations: Organization and the scientific and technological support of the competitive, science-intensive, environmentally benign production of polysilicon and new materials based thereupon. The expected positive socio-economic effect is high and related to the creation of new jobs for highly qualified personnel. 
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SYMBOLS AND ABBREVIATIONS

The following designations and abbreviations are used in this research report:
Acidolysis	–	treatment of a material with an aqueous solution of inorganic acid
Aluminothermy	–	reduction of an element by aluminum from its oxide
Binary system	–	a system consisting of two bound oxides
Charge basicity	–	the ratio of the basic oxide to the acid oxide CaO/SiO2
Charge	–	initial mixture of components consisting of CaO, SiO2, CaF2
MG-Si	–	metallurgical grade silicon
Silicide phase	–	alloys of calcium, aluminum, and silicon
Slag cleaning	–	removal of impurity elements from the silicon melt by exposure to synthetic slag
Slag	–	a key component of final products of the aluminothermic process


INTRODUCTION

Currently, the world production of polysilicon for the global terawatt-scale renewable solar energy system amounts to more than 500 thousand tons per year. 95% of this renewable solar energy is produced and will be produced by silicon panels, and in the near future, the growth rate of photovoltaic energy will provoke additional demand in silicon in the amount exceeding further 500 thousand tons per year.
According to the studies of the German company Bernreuter Research, prior to 2005 the world market of polysilicon amounted to slightly above 29 thousand tons per year and was controlled by seven companies, called “Seven Sisters”:
· Hemlock Semiconductor (USA),
· Wacker Chemie (Germany),
· Advanced Silicon Materials (ASiMI, presently REC Silicon/USA),
· Tokuyama Corporation (Japan),
· MEMC Electronic Materials (USA and Italy),
· Mitsubishi Materials (Japan and USA),
· Osaka Titanium Technologies (former Sumitomo Titanium/Japan).
Throughout the decades, these companies have produced exclusively electronic grade polysilicon with the relatively low yearly growth of capacity, with the leader – Hemlock Semiconductor – producing only 7 thousand tons of polysilicon per year. 
The abrupt growth in the amount of consumption and production of polysilicon started in 2013, due to the record decrease of the polysilicon spot prices following the rapid development of photovoltaics and China’s ambitions to achieve a global monopoly in photovoltaic energy and leadership in the electronics industry. 
Since then, four Chinese manufacturers Xinte Energy, Daqo New Energy, Tongwei and East Hope New Energy have at once become the world leaders, each having the production volumes between 20 and 36 thousand tons of polysilicon in 2017. By 2020, the Big Six was formed with one German (Wacker Chemie AG) and five Chinese giants (Figure 1).
The former leader – Hemlock Semiconductor – with the annual capacity of 36 thousand tons of polysilicon is located in the 8th place. The top ten also includes one South Korean company and two Chinese companies with a production volume of 10 to 36 thousand tons of polysilicon per year.
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Figure 1 – The Big Six of polysilicon manufacturers
Two Chinese companies Tongwei and Inner Mongolia Dunan PV Technology with a total production of more than 100 thousand tons of polysilicon per year are located in Inner Mongolia. Four Chinese giants GCL-Poly Energy Holdings, Xinte Energy, Daqo New Energy and East Hope New Energy with a total production volume of about 330 thousand tons of polysilicon per year are located in the Xinjiang Uygur Autonomous Region, which has become the world's largest producer of polysilicon and has a great interest in the creation of a large primary metallurgical silicon production with a capacity of about 100 thousand tons a year or more in Pavlodar region of Kazakhstan, which boasts cheap electricity (Kazakhstan additionally interests China due to the presence of high quality quartz raw material deposits). The latter shows that China's domestic resources to meet the growing demand for polysilicon are not very large.
The world production and subsequent use of polysilicon is concentrated mainly in China and Southeast Asia, where production facilities for the growth of crystal ingots and wafers are located, sold in the domestic and world markets to manufacturers of discrete components, integrated circuits, solar cells, etc.
The cost reduction and record growth of production volumes were technologically achieved due the improved know-how of Union Carbide and Siemens processes, on which the technologies for the synthesis and purification of trichlorosilane, monosilane and their pyrolysis to obtain lump high-purity polysilicon are based, including:
· solar grade from 6N (99.9999%) and above used in the growth of multi-crystalline ingots used in photovoltaics;
· solar grade from 9N and above used in the growth of monocrystalline ingots used in photovoltaics;
· electronic grade from 10N and above used in the growth of monocrystalline ingots used in the electronics industry.
At the same time, to ensure the economic efficiency of modern giant chlorosilane and monosilane industries, huge public and private investments are required, the technologies are energy-intensive, require extensive industrial and environmental safety measures and the creation of an expensive logistics network for transportation, storage and distribution of monosilane used by manufacturers in the growth processes of discrete components, integrated circuits, solar cells and other semiconductor structures.
It is undeniable that the irreversible process of abandoning coal, oil and gas with the transition to the rails of a green economy on a global scale, which in the leading economies of the world has been even aggressive towards the producers of hydrocarbon raw materials, will lead to a stable growth of renewable energy capacities and, in particular, solar photovoltaic systems based on silicon. This mainstream trend is supported by the International Renewable Energy Agency's 2050 Global Energy Transformation Roadmap (Figure 2); it will be accompanied by significant and steady growth in demand for the new “oil” – solar-grade polysilicon.
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IRENA, Global energy transformation: A roadmap to 2050 (2019 edition)
Figure 2 – Trends in development of global energy up to 2050. 

In the September 2020 Address to the Nation “Kazakhstan in a new reality: time for action”, President Tokayev emphasized that “The long oil supercycle seems to have ended” and in these conditions “We should be ready for a completely new conjuncture of the world market. The creation of a truly diversified, technologically advanced economy is not just a necessity for us, this path already does NOT HAVE AN ALTERNATIVE”.
Energy, first of all, electrical energy is the circulatory system of a developed economy. A diversified and technologically advanced economy needs access to energy and operational, reliable information, which can only be provided by accelerated digitalization of all types of economic activity based on the use of modern hardware and computing systems built mainly on the silicon component base. This suggests that the demand will grow not only for solar grade polysilicon, but also for ultra-high purity polysilicon and monosilane for the electronics industry.
Thus, a unique situation is created when Kazakhstan, in response to the vital challenges at a turning, historical moment of transition to a “truly diversified, technologically advanced economy” can create its own niche in the polysilicon market for organizing the domestic electronic industry and its own production of photovoltaic systems.
The problem solved by the project is the modernization of equipment and technology for producing polysilicon with the subsequent commercialization of high-demand new materials and waste-free environmentally friendly technologies for their production:
1 Within the framework of the project, the main products proposed for implementation are the intellectual property for environmentally friendly and waste-free processes of aluminothermic reduction of silicon and its purification with synthetic slags in an induction furnace to obtain important materials for the solar photovoltaics and electronics industry, as well as the R&D on the design and creation of relevant industries.
These products are of interest to the Gulf countries, possessing the sources of quartz sand, cheap aluminum and cheap electricity. For example, in 2009-2015 the group of Prof. Tokmoldin completed contracts with the King Abdulaziz City for Science and Technology, Saudi Arabia, for a total of approximately US $3.5 million to obtain primary metallurgical silicon from Saudi sands.
2 The market of materials for silicon microelectronics and terawatt solar photovoltaics, where high-purity polysilicon and monosilane are the main raw materials for the production of discrete components, integrated circuits, heterojunction solar cells and other semiconductor structures.
The project intends to conduct pilot tests and start a small-scale production of an innovative ternary alloy CaAl2Si2, used for the synthesis of gaseous monosilane, which is one of the main raw materials for the electronics industry and solar photovoltaics, used in the growth processes of epitaxial layers of monocrystalline silicon – the basis for discrete semiconductor devices , such as diodes, transistors, operational amplifiers, solar cells, and very large integrated circuits such as processors, memory elements, etc.
It must be noted that the CaAl2Si2 alloy represents a safe, stable upon storage and transportation “accumulator” of silicon for the synthesis of monosilane, whose traditional technologies of production, transportation, storage and distribution require special safety measures. The CaAl2Si2 alloy can be stored for years under normal and adjacent to them conditions and used for the synthesis and rectification of monosilane at the time of its use by the end user – manufacturer of discrete components, integrated circuits and other semiconductor structures – which completely eliminates the consequences of emergency situations associated with monosilane.
Inventory number of the interim report for 2018 - 0218RK00873.
Inventory number of the interim report for 2019 - 0219РК00104.


1 Main results for 2018-2019
1.1 Main results for 2018: Development of a preliminary design for modernization of an induction melting furnace with a graphite crucible
1.1.1 Development of a functional scheme of the process of purification of metallurgical silicon

The objective of this research is the modernization and development of the equipment and technological processes that can be used in the production of pure polysilicon without the use of operations in the gas phase.
The choice of the aluminothermic method for the reduction of silicon from quartz raw materials is due to a number of advantages: 
· high process speeds and low energy costs per unit of the target product due to the exothermic nature of the reactions;
· the possibility of obtaining cleaner reduction products in comparison with the carbothermic method;
· simplicity and small dimensions of induction melting units, etc.
In this work, aluminothermic reduction of silica slags melted in an induction furnace with separation of metallic silicon and slag was carried out [1] (Figure 3). 
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Figure 3 – Homogeneous phase of silicon on the surface of the slag

At a slag / silicon ratio ≥ 4.7, reduced silicon floats to the slag surface and forms a homogeneous metal phase, while at a slag / silicon ratio ≤ 4.7 silicon forms “beads” and is distributed throughout the slag volume. The optimal slag / aluminum ratio was determined, which is in the range of 3.5-3.75. The formation of a homogeneous phase in silicon depends not only on the slag / silicon ratio, but also on the oxidizer / reducing agent ratio. It has been found that the larger the basicity modulus, the larger the losses associated with the silicide phase and the lower silicon yield. The procedure for introducing the charge into the melt has been determined. The ratio of the components of the synthetic slag-charge CaO, SiO2, CaF2, which makes it possible to obtain a homogeneous silicon phase, has been selected. The volume (amount) of slag for the absorption of Al2O3 and 3CaO∙Al2O3 has been determined.
In the course of the studies on the metallurgical processes in an induction melting furnace with a graphite crucible, a functional diagram of the process of silicon refinement using synthetic slags was developed.
In our experiments, the separation of silicon from the slag was carried out during the cooling of the melt in a “cold” mold at an initial temperature not higher than 100 ℃, at which it is difficult to effectively separate silicon from the slag. Therefore, we propose gravitational separation of the melt in an undisturbed liquid state with a flat horizontal boundary due to the difference in the densities of slag and silicon directly in the working crucible of the furnace, which, in contrast to the conventional methods used for separating silicon from slag, avoids the technologically parasitic effects of mixing of the purified silicon with the slag. The next step should not be the discharge of the liquid silicon located at the top, since the densities of silicon 2.3 g/cm3 and slag 2.6 g/cm3 [2] are approximately equal, but the cooling and crystallization of the melt forming the “silicon-on-slag” ingot.
Additional purification of silicon from impurities is possible by creating a vertical temperature gradient with a minimum in the upper part and a maximum in the lower part of the crucible, which makes it possible to realize directional crystallization of silicon, an effective method for purifying silicon from most impurities, including iron, aluminum, calcium, etc. etc. After the completion of the directional crystallization process, it is necessary to heat the crucible, unload the two-layer ingot, and mechanically separate the silicon from the slag.
[bookmark: _Hlk528240748]
1.1.2 Development of a graphite crucible for the combined process of production and purification of silicon

A graphite crucible has been developed for the combined process of obtaining and purifying metallurgical silicon.
It is shown that isostatic graphite is the optimum crucible material, since it is the most dense, durable and least susceptible to environmental influences, in particular oxidation.
The dimensions of the crucible were determined, including wall thickness, diameter, height, which ensure controlled separation of the melt into silicon and slag, as well as directional crystallization of silicon.
To implement the above-mentioned main stages of the controlled silicon purification process, it is proposed to change the geometric parameters of the crucible (Figure 4) of the modernized industrial induction melting furnace with a capacity of 250 kW, approximately doubling the ratio of its height to diameter, which would increase the height of the silicon ingot and the efficiency of the slag and crystallization refinement.
To implement the vertical temperature gradient of the working crucible of the induction furnace, we have proposed a sectional inductor with three zones of energy supply along the crucible height, in which the two lower zones combined have approximately the same height as the upper zone. Figure 5 shows that this configuration enables to shift the zone of intense heating to the lower part of the melt and ensure its intense convection mixing.

[image: ]
Figure 4 - Sketch of a controlled process for obtaining and purifying metallurgical silicon in an induction melting furnace

The residual content of impurities can be significantly reduced by bubbling the silicon and slag melt with an active gas and converting the impurities into volatile compounds not only in silicon, but also in the slag, which will increase the efficiency of the process of removing volatile compounds several times in accordance with the slag / silicon ratio. For this, we have developed a purge unit that ensures high efficiency of the process of interaction of the working gas with the melt, low gas consumption and limiting the gas pressure in the diffuser, preventing the diffuser from bursting with high pressure.

1.1.3 Development of an operational scheme of the combined process of purification of metallurgical silicon in an induction furnace with a graphite crucible

[bookmark: _Hlk528242100]The optimal conditions for obtaining silicon from quartz raw materials were selected to be used in the study of the combined process of purification from impurities. This process consists of five technological stages, four of which are carried out sequentially after the reduction of silicon dioxide with aluminum in the same crucible of an induction furnace. These four stages are simple in technological execution, take little time, do not require additional equipment and form the basis for the modernization of an induction melting furnace with a graphite crucible (Figure 5).
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Figure 5 – Operating diagram of the combined process of production
and purification of metallurgical silicon in an induction melting furnace

It has been shown that:
during the 1st stage of the slag refinement boron, dissolved in silicon, is oxidized and extracted by the slag; the efficiency of this stage is determined by the oxidation and distribution of boron in the slag; 
during the 2nd stage the metallic aluminium additive stimulates the oxidation reaction of phosphorus and the formation of PO-34, which is extracted by the slag; the degree of silicon purification from phosphorus is determined by the weight ratios CaO/SiO2 and Al/Si;
during the 3rd stage bubbling of the melt with an active gas leads to the oxidation of aluminum and calcium with the formation of Al2O3 and CaO, which are extracted by the slag;
during the 4th stage control of the processes of cooling and gravitational stratification of the melt components, facilitated by the geometrical parameters of the crucible and the sectional design of the inductor, make it possible to purify silicon during crystallization, resulting in efficient removal of aluminum, calcium, iron and other impurities;
during the 5th stage the degree of silicon purification is significantly improved due to the process of directional crystallization in the Czochralski crystal growth furnace, which provides complete and accurate control of technological parameters.


1.2	Main results for 2019: Development of a combined process of slag cleaning and directed crystallization of silicon
1.2.1 Development of single-stage slag treatment of metallurgical silicon

A one-stage process of slag cleaning of metallurgical grade silicon has been developed. It is shown that the ratio of CaO / SiO2 < 1 leads to the purification of silicon from boron, whereas the ratio of CaO / SiO2 > 1 leads to the purification of silicon from phosphorus. In this case, a one-stage slag cleaning of silicon from boron is effective when its content is below 30 ppm due to the small distribution coefficient of boron in the slag.
Thanks to the selected ratio of CaO/SiO2, phosphorus and boron are effectively removed from silicon and transferred to the slag. The addition of aluminum to silicon promotes dissolved phosphorus to form a compound (AlP) in silicon, which is extracted into the slag. In this case, to retain phosphorus in the slag, it is necessary that the basicity of the slag is equal to 2-2.5.
Table 1 shows the data on the content of aluminum, calcium and the residual concentration of phosphorus in silicon obtained by the aluminothermic method. It can be seen that the main parameter responsible for the purification of silicon from phosphorus is the amount of aluminum in silicon. The maximum degree of purification of silicon from phosphorus is achieved at an aluminum content of 7.3% in silicon. From the data shown in Table 1 it can be seen that the residual boron concentration in silicon depends on the CaO/SiO2 ratio. The lower the CaO/SiO2 ratio, the lower the residual boron concentration in silicon.

Table 1 – Elemental composition of metallurgical silicon obtained by aluminothermy with the contents of boron of 15ppmw and phosphorus of 50ppmw
	Sample No.
	CaO/SiO2 at start of melting
	CaO/SiO2 at end of melting
	Al, %
	Ca, %
	В, ppm
	Во/В
	P, ppm
	Ро/Р
	Fe, ppm

	143
	0.72
	1.06
	2.3
	1.2
	1.85
	8.1
	22.4
	2.2
	5556

	144
	0.87
	1.33
	4.9
	2.9
	2.75
	5.5
	7.3
	6.8
	5578

	145
	0.88
	1.44
	7.3
	6.4
	3.19
	4.7
	< 0.5
	100
	3518

	141
	0.96
	1.54
	2.4
	1.7
	4.0
	3.8
	23
	2.2
	6817



Experiments were carried out on the treatment of silicon with silicate slags with additions of Al in the charge, leading to the natural saturation of the silicon melt with aluminum and calcium. Due to this, during the crystallization of such silicon, the process of formation of large silicon grains surrounded by silicide layers occurs (Figure 6). The image was obtained on a JEOL JSM-6490 scanning electron microscope.
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	A – Grain structure on a metallographic cross section
B – Distribution of impurities along the data acquisition track
C – The same on a larger scale; blue line - silicon
Figure 6 – Distribution of defects and impurities in silicon, 
obtained via aluminothermy 



Complex ternary alloy silicides Ca-Al-Si with the primary phase of CaAl2Si1.5-2 are dominant. The silicide layer that holds coarse silicon grains together consists of nanocrystals less than 1 μm in size, with various compositions and a large total surface area. The silicide nanocrystals formed during cooling serve as a getter for a significant proportion of impurities in silicon, which ensures the high efficiency of the slag refinement. Due to the different temperature expansion coefficients of the ternary alloy silicide nanocrystals and silicon, the effect of self-dispersion of large pieces of silicon into a fine powder of silicon crystals with different grain sizes is observed.



1.2.2 Investigation of the processes of silicon and slag stratification and extraction of target products from crucible

In the majority of the known experiments, the separation of silicon from the slag was carried out while cooling the melt in an initially “cold” mold, the temperature of which did not exceed 100°C before pouring the melt. Under these conditions, it is difficult to expect effective separation of silicon from the slag, and we have often observed slag beads in silicon [1]. At the same time, under optimal conditions, effective separation of silicon and slag took place [1], which indicates that even during the cooling of the melt in an initially “cold” mold, lighter silicon has time to “float” in the form of a pancake to the surface of the heavier slag. Therefore, in this study, we have proposed to carry out gravitational separation of the melt in an undisturbed liquid state with a flat horizontal boundary due to the difference in the densities of the slag and silicon directly in the graphite crucible of the induction melting furnace, which, in contrast to the previously used methods of separating silicon and slag, eliminates the parasitic effects of mixing purified silicon with the slag. To solve the problem, modernization of the furnace was proposed with the following requirements for the process and equipment:
1) to implement the process of gravitational separation of the melt in an undisturbed liquid state with a flat horizontal boundary, it is necessary to exclude the effect of magnetodynamic mixing of the melt, which requires an increase in the operating frequency of the induction melting furnace to several kHz (we have chosen a value of 8 kHz) so that the magnetic field is completely absorbed in the material of the graphite crucible;
2) at the same time, in the processes of silicon reduction by aluminum and slag purification from impurities, convective mixing of already separating heavy lower slag layers with upper silicon layers is necessary, which can be achieved by creating a vertical melt temperature gradient with the maximum in the lower part of the crucible;
3) the creation of a vertical gradient of the melt temperature makes it possible to implement the process of directed “top-down” crystallization of silicon;
4) increasing the operating frequency of the induction melting furnace and creating a vertical gradient of the temperature of the melt require a transition to a sectional inductor with parallel-connected sections.
Determination and control of the parameters of the sectionalized inductor of the melting furnace and the vertical gradient of the temperature of the melt is non-trivial in real operating conditions, therefore, for the given configurations of the inductor (one section of 22 coils, two parallel sections of 12 and 11 coils, three parallel-connected sections of 8, 7 and 7 coils; the step of the sections in the coils is different) the lumped parameters of the serial equivalent circuit for operation at a frequency of 8 kHz were calculated and the distribution of the specific power on the surface of the graphite crucible shown in Figure 3 was determined in collaboration with Interm LLC, St. Petersburg.
For the calculation, we used a program for the numerical analysis of magnetic fields with sinusoidal currents in conducting media, developed at the St. Petersburg State Electrotechnical University (COILPro 1.0.0.41, included in the IndHeat software package). The geometry of the research object is set graphically, and the results are displayed in the form of magnetic field strength lines, current density, specific power, as well as in the form of integral values calculated using a postprocessor. The calculation of the specific power was carried out for two modes: cold graphite and hot graphite at 1600°C (Figure 7). Local growth at the lower edge of the crucible is due to the concentration of the field at the right angle and indicates the need for chamfering.
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Figure 7 - Comparison of power density distribution across the crucible surface
for different inductor switching schemes

Figure 8 shows the distribution of the magnetic field strength in the hot mode for all three variations of the section connection. It is seen that the magnetic field does not penetrate into the graphite shield, which prevents magnetodynamic mixing of the melt. In addition, the magnetic field is effectively blocked inside the copper shield, which significantly reduces energy losses for absorption on external structural elements and reduces the size of the induction melting furnace.
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Figure 8 - Magnetic field strength in the hot mode

Thus, by controlling the rate of change in the temperature of the silicon melt mirror and the surface of the graphite crucible, it is possible to optimize the process of gravitational separation of the silicon melt and the slag in a liquid undisturbed state with a flat horizontal boundary, as shown in Figure 4. Important factors in this case are the geometric parameters of the graphite crucible (height, diameter, side wall thickness), which affect the vertical temperature gradient, the rate of cooling of the melt, and the stratification of the melt components. Moreover, the slower the cooling rate, the stronger will be the stratification of the system and the lower the probability of interaction of the melt components with different densities with each other during cooling, and vice versa, the higher the cooling rate, the lower the separation of the system, and, respectively, the higher the probability of interaction of the components with different densities. In addition, the cooling rate and, accordingly, the rate of directional crystallization of the silicon ingot will affect the process of removing calcium, aluminum, iron and other impurities from the volume of the silicon ingot to the interface of the composite ingot “silicon-on-slag”.
The next step is the rapid induction heating of the graphite crucible, during which a thin layer on the lateral surface of the silicon-on-slag composite ingot is melted, which allows the ingot to be unloaded from the graphite crucible. Here we note that it is important to reduce the thickness of the side wall of the graphite crucible as much as possible, which determines the crucible heating rate and also limits the lower boundary of the operating frequency of the induction melting furnace, which in our case is 8 kHz.
Further separation of the composite ingot into silicon and slag can be performed either mechanically or by self-decomposition of the silicate slag into powder upon cooling as a result of the phase transition of the silicate 2CaO∙SiO2 from the β-phase to the ϒ-phase, which occurs when the CaO/SiO2 ratio is equal to 2.5-2.6.

1.2.3	Research and development of the combined process of slag cleaning and directed crystallization of silicon

The combined process of the slag refinement and directional crystallization of silicon consists of five technological stages, four of which are performed sequentially in the same crucible of an induction furnace. These four stages are simple in technological execution, take little time, and do not require additional equipment.
At the first stage, the slag of the composition CaO-SiO2-CaF2 is melted in a crucible at a temperature in the range of 1460-1600℃, and then crushed metallurgical silicon is added to it. After complete melting of metallurgical silicon, a charge of the composition CaO-SiO2-CaF2 is added to the melt twice. When the ratio CaO/SiO2 <1, boron dissolved in silicon is oxidized and extracted with the slag, resulting in purification of the silicon material from boron. The coefficient of silicon purification from boron is comprised of two values: the distribution coefficient of boron in the slag and the oxidation coefficient of boron during oxidative refining. The residual boron concentration following the slag treatment is found to be 1.2 ppm.
At the second stage, the silicon melt is refined by adding a CaO-CaF2-Al mixture to it twice. The addition of metallic aluminum stimulates the oxidation reaction of phosphorus and the formation of PO-34, which is extracted by the slag. According to the results obtained, the degree of phosphorus removal from the silicon increases with an increase in the CaO/SiO2 ratio, while the maximum value of the phosphorus removal factor reaches 10. It was also found that the phosphorus content in silicon decreases with an increase in the aluminum-to-silicon ratio. The coefficient of purification of silicon from phosphorus reaches 100. The residual concentration of phosphorus after slag purification is 0.5 ppm.
At the third stage, bubbling the melt with an active gas containing oxygen leads to the oxidation of aluminum and calcium with the formation of Al2O3 and CaO, which are extracted by the slag. We used both oxygen-added air and a composition-controlled mixture of nitrogen and oxygen.
At the 4th stage, additional purification of silicon from impurities was carried out by creating a vertical temperature gradient with a minimum in the upper part and a maximum in the lower part of the crucible, which makes it possible to implement the process of directional crystallization of silicon, an effective method of purifying silicon from most impurities, including the impurities of iron, aluminum, calcium, etc. The essence of the method of directional crystallization is the slow cooling of a silicon melt in a graphite crucible at a temperature of 1600°C. We slowly reduce the temperature of the silicon melt to a temperature of 1420°C, which corresponds to the formation of a solid silicon phase. Then we maintain the desired crucible temperature until the melt solidifies. In this case, the liquid silicon phase moves from top to bottom of the crucible and is enriched with impurity elements, which are concentrated at the bottom of the silicon ingot.
To unload the two-layer “silicon-on-slag” ingot, we heat the crucible to the melting temperature of the surface layer of the ingot, as a result the ingot is separated from the crucible and falls out. The subsequent separation of silicon from the slag occurs mechanically; alternatively, we make adjustments to the composition of the charge to form bicalcium silicate 2CaO∙SiO2, which promotes the separation of the slag from silicon and the decomposition of the slag into powder as a result of the transition of bicalcium silicate from the β-phase to the γ-phase, at a ratio of CaO / SiO2 > 2.5.
In the study and development of the combined process of slag purification, and directional crystallization of multicrystalline silicon, the optimal modes of each process were selected, included in the combined method of purifying silicon from impurities, which ensure the production of the “solar quality” silicon. This made it possible to obtain high-purity silicon, from which monocrystalline silicon was grown, and used in a joint study with Prof. Munir Naife from the University of Illinois, USA [3] to obtain nanostructured silicon. Currently, the work is underway to use this nanocrystalline silicon powder as a phosphor in LED lamps.


2 Preparation of ternary Al/Ca/Si alloys in a modernized induction furnace and study of their parameters
2.1 Production of ternary Al/Ca/Si alloys in a modernized induction furnace with a graphite crucible

The aim of this grant project, dedicated to the modernization of technologies and equipment for obtaining silicon, is the commercialization and achievement of high liquidity for both silicon on its own as well as its derivatives in the domestic and foreign markets, which requires ensuring the high quality of the products, energy efficiency of the technological processes, reliability of industrial equipment, low expenses for components, consumables and raw materials. Work in this direction, along with the results of the studies conducted in 2018 and 2019, required the study of the following issues:
1) interaction of the inner surface of the graphite crucible with ambient oxygen, silicon, aluminum, as well as the oxides CaO, Al2O3 and SiO2, which are part of the synthetic slags used;
2) thermodynamic properties of the synthetic slag systems based on the oxides CaO, Al2O3 and SiO2.
As shown above, for the implementation of the combined process of obtaining and purifying metallurgical silicon, the best choice is a crucible made of isostatic graphite, which is the most resistant towards oxygen oxidation in comparison with other grades of graphite. The primary method of protection against oxidation is inert gas purging (Figure 5). Additionally, it is possible use protective coatings (quickly “aging” under the influence of molten slags), produced by companies specializing in the fields of refractory materials and coatings.
However, according to the Ellingham diagrams [4], at 1500℃ and above, carbon reduces oxides, in particular, silicon dioxide (Figure 9) with the formation of silicon, silicon carbide and SiO, the partial pressure of which exceeds the partial pressure of CO as temperature is increased, which leads to a significant acceleration of erosion of the inner surface of the graphite crucible (Figure 10). In this case, wear- and corrosion-resistant high-temperature coatings developed by Beijing Zhi Sheng Wei Hua Chemical Co. Ltd and the All-Russian Research Institute of Aviation Materials, specializing in the military and aerospace industries, are promising for protecting graphite.
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Figure 9 – Ellingham diagrams [4] of carbon, silicon and components, including impurity, slag melts in a graphite crucible
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Figure 10 – Equilibrium diagrams for the reactions of interaction of silicon and carbon calculated on the basis of the JANAF database [5]

Technological processes developed in this project are based on the use of binary systems CaO-Al2O3, CaO-SiO2, Al2O3-SiO2 and a ternary system CaO-Al2O3-SiO2, widely used in metallurgy and actively studied both experimentally and theoretically [6-12].
In the process of aluminothermic reduction of silicon dioxide, the CaO-SiO2 system is transformed into the CaO-Al2O3-SiO2 ternary system, which ultimately transforms into Al2O3-SiO2. The binary systems CaO-SiO2 and Al2O3-SiO2 are connected stoichiometrically, which makes it possible to determine the weight fractions of the components of the initial CaO-SiO2 system based on the specified weight fractions of the components of the final Al2O3-SiO2 system; at the same time, the ranges of weight fractions of the CaO-SiO2 and Al2O3-SiO2 systems are limited by the limiting process temperature of 1600℃ (Figure 11), which was selected to reduce the energy consumption and wear of the melting furnace components, primarily the graphite crucible.
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Figure 11 – Liquidus curves of binary systems CaO-SiO2 and CaO-Al2O3 depending on the weight fraction of the components [6-12]

On the phase diagrams of the CaO-Al2O3-SiO2 ternary system (Figure 12) the points highlighted on the CaO-SiO2 and CaO-Al2O3 liquidus curves form the region of available compositions of the initial charge and the final slags in the processes of aluminothermic reduction of silicon oxide to obtain silicon, its purification by synthetic slags, as well as obtaining the ternary alloy CaAl2Si2. Figure 12 shows the coordinates of nine points of invariant transformations located in the indicated region [12]; five of them have temperatures close to the minimum temperatures CaO-CaF2, SiO2-CaF2, and Al2O3-CaF2 [8], which indicates the possibility of reducing the viscosity of the melts without the use of CaF2.
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Figure 12 - Experimental (─) and calculated (---) phase diagrams of the CaO-Al2O3-SiO2 ternary system presented in [12]

In Table 2, as well as in Figures 11 and 12 above, the parameters of melts demonstrating the possibility of controlling the process of aluminothermic reduction of SiO2 to obtain metallurgical silicon with its subsequent slag purification are given. 

Table 2 – Parameters of the process of aluminothermic reduction of SiO2
	Parameter Name
	Melt 1
	Melt 2
	Melt 3
	Melt 4
	Melt 5

	Al2O3 fraction in the slag, wt%
	64.0
	57.9
	54.7
	49.5
	44.0

	The share of SiO2 in the charge, wt%
	61.1
	54.9
	51.6
	46.4
	41.0

	Silicon yield, g
	78.1
	78.1
	78.1
	78.1
	78.1

	Slag / silicon ratio
	3.8
	4.2
	4.4
	4.9
	5.5

	Tmelt of the initial charge, °C
	1452
	1520
	1573
	1496
	1595

	Tmelt of the final slag, °C
	1576
	1520
	1444
	1284
	1528



A more detailed description will be given in international patent applications.
For the method of obtaining metallurgical silicon of high purity from natural quartz sands by the method of aluminothermy, a utility model patent of Kazakhstan No. 5297 was obtained with the priority date of January 30, 2020 [15].
The results were also used to correct the component composition of the slag melt at the final stage of the aluminothermic process for obtaining the ternary alloy CaAl2Si2, which is used for acidolysis-based synthesis of monosilane to further obtain high-purity polysilicon and device structures for various functional purposes in the electronic industry and photovoltaics. For this aluminothermic process, a Kazakhstan patent for invention No. KZ 34266р was received with a priority of October 26, 2018 [16] and an application was filed for a Eurasian patent No. KZ2020 / 056 with a priority of September 11, 2020.
A well-known method of obtaining metal alloys is the fusion of the required components in a liquid metal flux, which can be constituted of one of the components of the alloy being created [13]. The method was recently applied to obtain the ternary intermetallic alloy CaAl2Si2 in liquid aluminum at a temperature of 1150℃ [14] using high-purity starting components. However, this method is complex and expensive to apply in large-scale industrial production.
The best known alloy used for the synthesis of silane by acidolysis is magnesium silicide Mg2Si. In the Chinese patent CN1027439 C [17], a method for obtaining magnesium silicide for the synthesis of silane is indicated, based on mixing two powder components, magnesium and silicon, in a stoichiometric ratio, followed by sintering at a temperature of 500-650°C in a vacuum or inert gas atmosphere. Since the reaction is exothermic, problems arise associated with overheating of materials in the reactor, loss of magnesium during sublimation, decomposition of magnesium silicide, change in stoichiometry, etc., which in the PRC patent CN102452653A [18] are solved by improving the design of the reactor.
In addition, there is a known method of using industrial metal silicides with the formula M1xM2ySiz, where M1 is aluminum or magnesium, and M2 is calcium, to obtain silicon hydrides (silanes), presented in the US patent US4698218A [19]. However, this method showed a very low yield of silanes due to the significant inhomogeneity of the elemental and phase composition of the above industrial metal silicides.
Small amounts of inhomogeneities in the elemental and phase composition were also observed in our experiments, in which the formation of ternary alloys Al/Ca/Si was established in the course of the study of the process of slag purification of silicon obtained by the aluminothermic method with Ca and Al contents ranging from 1 to 7 wt% (Table 1). The effect of the treatment with the synthetic slag СaO-SiO2 on the impurity composition of silicon differs depending on the ratio of the components СaO/SiO2 < 1 and СaO/SiO2 > 1 (Figures 13 and 14). It is seen that the silicide phase is formed only in the case of СaO/SiO2 > 1.
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Figure 13 – X-ray phase diffraction pattern of a silicon sample treated with an acid slag with the CaO/SiO2 ratio = 0.56

[image: ]Intensity, arb.un.



Figure 14 – X-ray diffraction pattern of a silicon sample treated with an alkaline slag with the CaO/SiO2 ratio = 1.94

To study the process of obtaining ternary alloys Al/Ca/Si, an experiment was carried out on the aluminothermic reduction of CaO in a liquid silicon medium. The composition and parameters of the initial charge were as follows:
Si mass:	3 kg;
Al mass:	3 kg;
slag/Si mass ratio: 1.7;
mass of the slag: 5 kg;
basicity modulus: 4;
% slag composition: CaO – 70%, SiO2 – 17.5%, CaF2 – 12.5%;
CaO mass:	5×0.7 = 3.5 kg;
SiO2 mass:	5×0.175 = 0.875 kg;
CaF2 mass:	5×0.125 = 0.63 kg;
initial loading:	3.5 kg of slag + 3 kg of silicon;
repeated loadings:	3 times 0.5 kg of slag + 1 kg of Al.
The alloy obtained in the experiment was ground in a disk mill to obtain a powder with a fineness of 63-100 μm, then phase analysis of the samples was carried out using a Dron-6 X-ray diffractometer, which showed the presence of the CaAl2Si2 and CaAl2Si1.5 phases, silicon, as well as a small amount of an impurity Al3.21Si0.47 phase (Figure 15).
Intensity, arb.un.
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Figure 15 – X-ray phase diffraction pattern of Sample No. 1 of an alloy of complex composition based on silicon and its compounds with calcium and aluminum

2.2 Analysis of the structure and elemental composition of Al/Ca/Si ternary alloys

The acidolysis of the alloy obtained above in 10% solutions of hydrochloric and sulfuric acids demonstrated the violent nature of the reactions of the synthesis of silanes, which spontaneously ignite in air and burn to form SiO2. Since the non-bound silicon and the impurity compound Al3.21Si0.47, present in an insignificant amount, cannot participate in the active synthesis of silanes, it is the CaAl2Si2 and CaAl2Si1.5 phases which are involved in the acidolysis reaction. In order to prove this conclusion, it was necessary to conduct a spectral analysis of the residual products of the acidolysis reactions and, in a series of melting processes with a controlled composition of the initial charge, to determine the optimal composition of the charge components, which would ensure the removal of un-bound silicon and the impurity compounds.
The spectral analysis of the residual products of the alloy acidolysis reactions was conducted using an “OPTIMA 2000DV” optical emission spectrometer with inductively coupled plasma. Quantitative measurements of the contents of silicon, calcium and aluminum in the solution were carried out, and their dependences on the composition of the initial mixture were determined. Based on the difference in the mass of the alloy and the masses of calcium and aluminum, the mass of silicon in the alloy was calculated, which made it possible to calculate the percentage of silicon in the alloy and establish that the ternary alloy has the chemical formula CaAl2Si2.
Based on the results of these studies, we have developed a method for the synthesis of silanes in a flow reactor with counterflows of powdered raw materials and an active reagent and, subsequently, filed an application KZ2020 / 055 with a priority of 09/11/2020 to obtain a Eurasian patent. The invention relates to the field of technologies and equipment for the chemical and electronic industries and solar photovoltaics.
In the above method of acidolysis of Mg2Si, presented in the Chinese patent CN1027439 C [17], the yield of silicon into silanes does not exceed 30%, which is due to the formation of prosiloxane H2SiO [20] according to the following mechanism.
First, Mg2Si interacts with water (equation (1)), then with HCl (equation (2)), and then the intermediate product SiH2 polymerizes and reacts with water to form prosiloxane and silanes (equation (3)):
Mg2Si + 2H2O = H2Si(MgOH)2,	(1)
H2Si(MgOH)2 + HCl = 2MgCl2 + 2H2O + H2↑ + [SiH2], 	(2)
(SiH2)2 + H2O = H2SiO + SiH4↑. 	(3)
Further, prosiloxane H2SiO is polymerized into a solid cake H2Si2O3 in an aqueous medium, and the reaction of acidolysis of Mg2Si proceeds in the following form [21]:
3Mg2Si + 12HCl + 3H2O = SiH4↑ + H2Si2O3 + 6MgCl2 + 6H2↑.	(4)
It can be seen that only one of the three silicon atoms is involved in the synthesis of silanes. An increase in the silane yield by 8% in this experiment when replacing HCl with H2SO4 correlates with replacing the MgCl2 salt with the MgSO4 salt. It is known that the MgCl2 salt is corrosive and acts as an active reagent in an aqueous medium, which indicates its catalytic role in reactions (1) - (3) leading to the formation of prosiloxane H2SiO.
The closest method to the one developed by us for the synthesis of silanes is the synthesis of silicon hydrides presented in US Patent 4698218A [19], which is carried out via acidolysis of industrial AlxCaySiz alloys at temperatures from 50°C to 90°C. The yield in the amount of 1 kg of silane upon acidolysis of 10 kg of the alloy 33%Al / 18%Ca / 40%Si (which corresponds to the yield of silicon in silanes, equal to about 22%) is achieved when adding the alloy powder into the acid solution, while adding the acid solution into the alloy powder requires 18 kg of the alloy to obtain 1 kg of silane (which corresponds to a yield of about 12%). The disadvantage of this method is the low yield of silanes, which must be increased. The percentage composition 33%Al / 18%Ca / 40%Si of the industrial alloy differs markedly from the stoichiometrically correct composition of 27%Ca / 36%Al / 37%Si of the CaAl2Si2 alloy, whose preparation method is presented in Patent KZ 34266p [16]. As a result, approximately 13% of Si in the industrial alloy cannot participate in the silane synthesis, which reduces the potential yield by 30% and requires a stoichiometrically correct composition of the CaAl2Si2 alloy, for which the acidolysis reaction has the form:
CaAl2Si2 + 8HCl = 2SiH4↑ + CaCl2 + 2AlCl3.	(5)
In the right-hand side of reaction (5), the target products are silanes, the by-products are the salts of CaCl2 and AlCl3, which lead to the aging of the active reagent, an aqueous solution of HCl. Moreover, AlCl3 is highly corrosive and acts as an effective catalyst in chemical reactions stimulating the formation of prosiloxanes H2SiO and H2Si2O3 in the reactions similar to reactions (1) – (3). At the same time, CaCl2 has high hygroscopic potential and can suppress the catalytic activity of AlCl3. To the support of this argument, it should be noted that in Patent FR 2989076 [22], the simultaneous introduction of an aqueous solution of HCl and CaCl2 into the powder of a stoichiometrically incorrect alloy 33%Al / 18%Ca / 40%Si leads to an increase in the yield of silanes. Taking the latter into account, it is expected that the maximum yield of silanes in reaction (5) is 50%, and in order to increase the yield of silicon into silanes, it is necessary to continuously remove the aged active reagent from the reaction zone using a flow reactor.
The acidolysis reaction of the CaAl2Si2 alloy with an aqueous solution of H2SO4 has the form:
CaAl2Si2 + 4H2SO4 = 2SiH4↑ + CaSO4 + Al2(SO4)3.	(6)
The by-products of the reaction are calcium sulfate, a base component in gypsum, and aluminum sulfate, which has coagulating and tanning properties. Calcium sulfate CaSO4 is slightly soluble in water, therefore, with an increase in concentration, it will form cloudy suspensions and gypsum sediment, which do not affect the acidolysis process. Aluminum sulfate Al2(SO4)3 can exhibit catalytic properties as in the case of aluminum chloride AlCl3.
In the claimed invention, acidolysis of the CaAl2Si2 ternary alloy of a stoichiometrically correct composition of 27%Ca / 36%Al / 37%Si is used for the synthesis of silanes. The acidolysis reaction is carried out in a flow-through reactor with the main operating unit – a concave meniscus-shaped bed – which supplies an optimal volume of the active reagent in the reaction zone, which can be determined based on equations (5) and (6), leading to the formation of counter flows of the powdery raw materials and the active reagent, removal of the aged active reagent from the reaction zone, which makes it possible to most effectively reduce its effect on the silane yield, as well as to prevent the washing off of the powdery raw materials.
The method enables to achieve the continuity of the synthesis of silanes, which is important for the organization of an industrial production, significant simplification and reduction in the cost of the technological process due to the use of available, cheap feedstock and simplicity of the technological hardware.
Thus, the presented data confirm that the main component of the ternary alloy obtained in the process of aluminothermic reduction of calcium oxide in liquid silicon is the CaAl2Si2 compound, whose crystals [14] have a cubic structure.

2.3	Development of a combined process for obtaining ternary Al/Ca/Si alloys with specified properties

To determine the optimal composition of the charge, which ensures the production of the optimized ternary alloy CaAl2Si2 and which does not contain free silicon and impurity compounds of the Al3.21Si0.47 type, a series of melting experiments with controlled compositions of the initial charge was carried out. Figures 16-20 show the X-ray diffraction patterns of the obtained CaAl2Si2 ternary alloy samples and the corresponding descriptions of the initial charge compositions and the batch loading of the melt components into the graphite crucible.
Analysis of the data presented in Figures 15-20 (samples No. 1-6) shows that in the case of samples 1-4, the amounts of unbound silicon and the impurity compound Al3.21Si0.47 stably decreases with an increase in the weight amount of CaO and Al. If the amount of CaO is left unchanged, but the amount of Al is increased, then the amount of unbound silicon decreases, but the Al3.21Si0.47 phase unexpectedly increases (Figure 19, sample 5), which may indicate a lack of Ca for the formation of the CaAl2Si2 compound. Following an increase in the amount of CaO in sample 6 with a simultaneous slight decrease in the amount of Al and the exclusion of SiO2 from the charge, both the unbound silicon and the impurity compound Al3.21Si0.47 phases are removed completely. However, in this case, a weak peak corresponding to unbound Ca appears in the diffraction pattern, which indicates a slight excess of CaO.
The appearance of the Ca peak following a decrease in the amount of Al and in the absence of unbound silicon suggests a mechanism of formation of CaAl2Si2, in which in the presence of the oxides the Al and Si atoms form the intermediate compound Al3.21Si0.47, which reacts with the reduced calcium atoms to form the ternary intermetallic compound CaAl2Si2.
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Si – 3 kg, Al – 3.75 kg, slag/Si – 2.5, charge – 7.5 kg, basicity – 4,
% composition:    CaO – 70, SiO2 – 17.5, CaF2 – 12.5,
weight content: CaO – 5.25 kg, SiO2 – 1.31 kg, CaF2 – 0.94 kg
initial loading:  4.5 kg charge + 3.0 kg Si;
repeated loadings: 3 times 1.0 kg of the charge + 1.25 kg Al
Figure 16 – X-Ray diffraction pattern of sample No. 2
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Si – 3 kg, Al – 4.5 kg, slag/Si – 2.5, charge – 7.5 kg, basicity – 4,
% composition:    CaO – 70, SiO2 – 17.5, CaF2 – 12.5,
weight content: CaO – 5.25 kg, SiO2 – 1.31 kg, CaF2 – 0.94 kg
initial loading:  4.5 kg charge + 3.0 kg Si;
repeated loadings: 3 times 1.0 kg of the charge + 1.5 kg Al;
additional loading: 1.5 kg SiO2 + 0.15 kg CaF2
Figure 17 – X-Ray diffraction pattern of sample No. 3
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Si – 3 kg, Al – 4.5 kg, slag/Si – 3.0, charge – 9.0 kg, basicity – 4,
% composition:    CaO – 70, SiO2 – 17.5, CaF2 – 12.5,
weight content: CaO – 6.3 kg, SiO2 – 1.6 kg, CaF2 – 1.1 kg
initial loading:  6.0 kg charge + 3.0 kg Si;
repeated loadings: 3 times 1.0 kg of the charge + 1.5 kg Al
Figure 18 – X-Ray diffraction pattern of sample No. 4
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Si – 3 kg, Al – 5.1 kg, slag/Si – 3.0, charge – 9.0 kg, basicity – 4,
% composition:    CaO – 70, SiO2 – 17.5, CaF2 – 12.5,
weight content: CaO – 6.3 kg, SiO2 – 1.6 kg, CaF2 – 1.1 kg
initial loading:  6.0 kg charge + 3.0 kg Si;
repeated loadings: 3 times 1.0 kg of the charge + 1.7 kg Al
Figure 19 – X-Ray diffraction pattern of sample No. 5

Depending on the initial composition of the charge, the Ca/Al/Si ternary alloys obtained in the process of aluminothermic reduction of calcium oxide in liquid silicon may consist of several components and include the ternary intermetallic alloy CaAl2Si2, silicon, and the intermediate compound Al3.21Si0.47.
However, the end products of the aluminothermic process include not only ternary alloys, but also slag products such as Al2O3 and CaF2, as well as SiO2 and CaO in case the composition of the initial charge does not match the stoichiometric composition of the components of the aluminothermic process, which is typically due to the lack of aluminum, which reduces both CaO and SiO2. Therefore, the most probable components of the slags are Al2O3 and CaF2, as well as CaO in the case of its excess.
An examination of the liquidus curves of the binary systems Al2O3-CaF2 and SiO2-CaF2 depending on the weight fraction of the components [8] shows that they differ little from the binary systems CaO-SiO2 and CaO-Al2O3 in terms of the shape of the liquidus curve, the minimum temperatures and the range of the component fractions at which the minimum temperatures are realized. Only in the case of the CaO-CaF2 binary system [8], the range of the component fractions at which the minimum temperatures are realized is twice as wide and extends from 40 wt% to 80 wt%.
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Si – 3 kg, Al – 4.5 kg, slag/Si – 2.5, charge – 7.5 kg, basic,
% composition:    CaO – 87.5, CaF2 – 12.5,
weight content: CaO – 6.56 kg, CaF2 – 0.94 kg
initial loading:  3 kg Si;
repeated loadings: 3 times 2.5 kg of the charge + 1.5 kg Al
Figure 20 – X-Ray diffraction pattern of sample No. 6

Considering the liquidus curves of the binary systems Al2O3-CaF2, SiO2-CaF2 and CaO-CaF2 [8], and also taking into account that the amount of CaF2 in the initial charge was only 12.5%, it was rather difficult to ensure the minimum possible slag temperatures of about 1360℃. In the performed experiments in order to ensure complete extraction of the melt from the crucible into the mold, the temperature was maintained above 1550℃, since the melting temperature of the slag was about 1500℃. Under these conditions, it is difficult to ensure the ideally flat layering of the ternary alloy, the melting temperature of which does not exceed 1150℃ [8], and the slag, which quickly solidifies from the periphery to the center, creating a meniscus bed for the liquid ternary alloy, which was observed in the experiment.
The problem of the ideally flat layering of the ternary alloy and the molten slag is solved by controlled cooling of the melt in the graphite crucible of the induction melting furnace, as well as by eliminating the use of CaF2 to ensure the lowest possible temperature of the slag solution. In this case, the aluminothermic process is carried out under the conditions of maintaining the stoichiometric composition of the components up to the final loading, the selection of the composition of which would ensure the minimum melting temperature of approximately 1370℃ for the binary system CaO-Al2O3, which is the key slag component of the final products [6-12].
With regards to the aluminothermic process without the use of the CaF2 diluting additive, starting from the initial charge and throughout the intermediate charges, it is necessary to maintain the binary system CaO-Al2O3 in a certain range of component fractions, preventing the CaO fraction from decreasing below the critical value, at which the solidification temperature of the melt can rise above 1550℃.
Detailed descriptions of the results of the experimental studies of the combined aluminothermic processes to obtain 1) the ternary alloy CaAl2Si2, 2) silicon followed by its slag purification while avoiding the use of the CaF2 diluting additive are out of the scope of this project and will be presented in applications for international patents in the EU, the USA, China and South Korea.


CONCLUSION

As a result of the studies, the optimal conditions for the aluminothermic reduction of silicon from quartz raw materials were determined. The obtained MG-Si was further used in the study of the combined process, which consists of four sequential technological stages of purification of MG-Si from impurities. These four stages constitute the main result of the development of a draft design for the modernization of an induction melting furnace with a graphite crucible, in which
a functional diagram of the controlled process of obtaining and purifying metallurgical silicon has been developed,
it is shown that crystallization of silicon in a working crucible avoids the technologically parasitic effects of mixing purified silicon with the slag, in contrast to the previously used methods of silicon separation from the slag,
the design of an induction furnace with three zones of energy supply along the height of the crucible has been developed, which makes it possible to shift the zone of intense heating to the lower part of the melt and to ensure its intensive convection mixing,
a graphite crucible is developed for the controlled separation of the melt into silicon and the slag, as well as directional crystallization of silicon,
the design of a device for bubbling the melt with a neutral or active gas has been developed, which ensures high efficiency of the process of interaction of the working gas with the melt, low gas consumption and limitation of the gas pressure in the diffuser,
an operating diagram of the combined process of purification of metallurgical silicon in a modernized induction melting furnace with a new graphite crucible has been developed.
As a result of the research, the combined process of slag refinement and directional crystallization of silicon was considered with an emphasis on justifying the corresponding modernization of the design of the induction melting furnace.
A one-stage process of slag refinement of metallurgical grade silicon has been developed. It has been found that the CaO/SiO2 ratio is one of the main parameters affecting the purification of silicon from boron and phosphorus. It is shown that the slag based on CaO and SiO2 mixes with silicon, binding and transferring impurities from silicon to the slag through the contact phase boundary between the silicon and the slag phases. It is shown that the ratio CaO/SiO2 <1 leads to the purification of silicon from boron, whereas the ratio CaO/SiO2  1 leads to the purification of silicon from phosphorus. It has been found that one-stage slag cleaning of silicon is effective when the boron content is below 30 ppm due to the small distribution coefficient of boron in the slag. It is shown that for the transfer of phosphorus from silicon to the slag, it is necessary for the basicity of the slag to be equal to 2-2.5, while the addition of aluminum to the melt promotes the formation of the AlP compound, which is extracted by the slag.
The processes of separation of silicon and the slag and extraction of the target products from the crucible have been investigated. It has been established that gravitational separation of the melt in an undisturbed liquid state with a flat boundary in the working crucible of an induction melting furnace avoids the parasitic effects of mixing of the purified silicon with the slag, in contrast to the previously used methods of separating silicon from slag in a cold mold. It is shown that the sectioned inductor allows creating a vertical gradient of the melt temperature due to the vertical gradient of the power of the magnetic field energy released on the side wall of the graphite crucible.
As a result of the conducted research, ternary alloys Al/Ca/Si were obtained in a modernized induction furnace with a graphite crucible. Interactions of the inner surface of a graphite crucible with ambient oxygen, silicon and oxides CaO, Al2O3, and SiO2, which are part of the synthetic slags used, as well as the thermodynamic properties of synthetic slag systems based on CaO, Al2O3 and SiO2 oxides have been studied. It has been shown that the main method of protection against oxidation is purging with inert gas. At the temperature of 1500℃ and above, carbon reduces the oxides, in particular, silicon dioxide with the formation of silicon, silicon carbide and SiO, the partial pressure of which exceeds the partial pressure of CO with increasing temperature, which leads to a significant acceleration of the erosion of the inner surface of the graphite crucible. In this case, high-temperature wear and corrosion resistant coatings of complex composition are required to protect graphite. On the phase diagrams of the CaO-Al2O3-SiO2 ternary system, the range of available compositions of the initial charge and final slags in the aluminothermic processes of the reduction of silicon oxide with the production of silicon, its purification with synthetic slags, as well as the preparation of the ternary alloy CaAl2Si2 is established. The possibility of reducing the viscosity of the melts without the use of a CaF2 diluting additive is shown.
The analysis of the structure and elemental composition of the obtained ternary alloys Al/Ca/Si is carried out. It is shown that the main component of the ternary alloy obtained in the process of aluminothermic reduction of calcium oxide in liquid silicon is the CaAl2Si2 compound, the crystals of which have a cubic structure.
A combined process to obtain ternary Al/Ca/Si alloys with desired properties has been developed. In a series of melting experiments with controlled compositions of the initial charge, it was shown that with an increase in the weight amount of CaO and Al, the proportion of the unbound silicon and the Al3.21Si0.47 compound phases decreases. If, in this case, the amount of CaO is left unchanged, but the amount of Al is increased, then the amount of unbound silicon decreases, but the amount of Al3.21Si0.47 unexpectedly increases. After elimination from the composition of the initial SiO2 charge, the phases of unbound silicon and the impurity compound Al3.21Si0.47 are completely removed. Based on the data obtained, a mechanism for the formation of CaAl2Si2 was proposed, in which the Al and Si atoms in the presence of oxides form an intermediate compound Al3.21Si0.47, which reacts with reduced calcium atoms to form the ternary intermetallic compound CaAl2Si2. The conditions for ideally flat layering of the ternary alloy and the slag melt by controlled cooling in a graphite crucible of an induction melting furnace have been established. It is shown that in the course of the aluminothermic process without using the CaF2 diluting additive, it is necessary to maintain the CaO-Al2O3 binary system in a certain range of component fractions, preventing the CaO fraction from decreasing below the critical value, at which the solidification temperature of the melt can rise above 1550℃, and to ensure that the melting temperature of the binary CaO-Al2O3 system, the key slag component of the final products, is equal to about 1370℃, by selecting the composition of the final charge.
The results obtained will be used for the scientific and technological support of the establishment of the Scientific and Technological Center for Experimental and Industrial Testing and Commercialization of Waste-Free Environmentally Friendly Technologies for the Production of High Purity Polysilicon and Novel Silicon-Containing Materials for Solar Photovoltaics and Electronic Industry, which is currently being established by Silica Metals LLP on the territory of the Special Economic Zone “Park of Innovative Technologies”. To this end, on October 19, 2020, an agreement No. SZ-02/2020 was signed with Technopark Alatau LLP on the allocation of the mentioned scientific and technological center, whose activities will be based on the technological developments presented in this report and obtained as a result of the implementation of this project. The expected positive socio-economic effect is high and is associated with the development of the electronics industry and the creation of new jobs to attract highly qualified personnel.
In a peer-reviewed national scientific journal the following article was published: Chumikov G.N., Klimenov V.V., Tokmoldin N.S., Tokmoldin S.Zh. Obtaining homogeneous silicon in the process of alumothermic reduction of silicon dioxide // Eurasian journal of physics and functional materials. – 2019. – No. 3 (2). – Р. 155-163; http://ephys.kz/files/2019-06-18_07_20190302.pdf. The article was found in the RSCI databases. The two-year impact factor of the RSCI without self-citation is 0.037. Two-year impact factor RSCI, taking into account citation from all sources 0.093 (https://www.elibrary.ru/title_profile.asp? id=67364). Quoted in databases: Index Copernicus International Ltd, Poland; CrossRef (World); Google Scholar; Science Library Index (Meadow Springs, Mandurah State, Australia); Scilit (Basel, Switzerland); ResearchBib (World), DOAJ, KKSON RK.
In a peer-reviewed foreign scientific journal the following article was published: Ersin Bahceci, Brian Enders, Zain Yamani, Serekbol Tokmoldin, Aman Taukenov, Laila Abuhassan, and Munir Nayfeh. Proximal probe-like nano structuring in metal-assisted etching of silicon // AIP Advances. – 2019. – V. 9. – P. 055228-1 – 055228-7; https://doi.org/10.1063/1.5096659. The article was found in the Web of Science Core Collection and Scopus databases. At the time of publication of the article in 2019, AIP Advances magazine had an Impact Factor of 1.579, a CiteScore for 2018 of 2.5, and a percentile in Physics and Astronomy of 56.
For the method of obtaining high-purity metallurgical silicon from natural quartz sands using aluminothermic reduction, a Patent of Kazakhstan for a useful model No. 5297 was obtained with the priority date of January 30, 2020.
For the method of obtaining a ternary CaAl2Si2 intermetallic alloy for the synthesis of silane, an Invention Patent of Kazakhstan No. KZ 34266р was obtained with a priority date of October 26, 2018 and an application was filed for a Eurasian Patent for an invention No. KZ2020 / 056 with the priority date of September 11, 2020.
An application was filed for obtaining a Eurasian Invention Patent No. KZ2020 / 055 for the method of synthesizing silanes in a flow reactor with counter flows of powdered raw materials and an active reagent with the priority date of 11.09.2020.
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TECHNICAL SPECIFICATIONS AND WORKPLAN
Under contract No. 391 dated "07" 09 2018

1. Tokmoldin Serekbol Zharylgapovich

1.1. By priority: No. 2 - Energy and mechanical engineering.
1.2. By sub-priority: Alternative energy and technologies: renewable energy sources, nuclear and hydrogen energy, other energy sources.
1.3. On the project topic: IRN AR05130235 «Modernization of equipment and technology for obtaining purified silicon for solar photovoltaics».
1.4. Total project amount: 35 920 681 (Thirty five million nine hundred twenty thousand six hundred eighty one) tenge, including with a breakdown by years, for the performance of work in accordance with paragraph 3:
– for 2018 – in total 12 000 000 (Twelve million) tenge;
– for 2019 – in total 12 164 509 (Twelve million one hundred sixty four thousand five hundred nine) tenge;
– for 2020 – in total 11 756 172 (Eleven million seven hundred fifty six thousand one hundred seventy two) tenge.

2. Characteristics of scientific and technical products by qualification characteristics 
and economic indicators

2.1. Direction of work: development of equipment and technology for obtaining purified metallurgical silicon with a low content of impurities.
2.2. Application: obtaining materials for solar photovoltaics.
2.3. Final result:
· 2018: A draft design for the modernization of an induction melting furnace with a graphite crucible will be developed.
· 2019: Combined process of slag cleaning and directional crystallization of silicon will be developed. One article will be published in a peer-reviewed domestic scientific journal with a non-zero impact factor and one article in a peer-reviewed foreign scientific journal with a non-zero impact factor. 
· 2020: Ternary alloys Al / Ca / Si will be obtained in a modernized induction furnace and their parameters will be investigated. 2 articles will be published in peer-reviewed foreign scientific journals, indexed in the Web of Science or Scopus databases with a non-zero impact factor, a patent of the Republic of Kazakhstan will be obtained. 
2.4. Patentability: Project results are patentable.
2.5. Scientific and technical level (novelty): The innovative one-stage aluminothermal process of slag cleaning of metallurgical silicon developed by the executors of this project is characterized by a high scientific and technical level, simplicity of hardware design, low cost and effective removal of stubborn impurity elements of boron and phosphorus to a level of 1 ppm and below, which meets the requirements for solar grade silicon, but the content of calcium, aluminum and iron remains above the norm. Impurities of calcium, aluminum and iron are easily removed to the required level by directional crystallization, which requires additional energy consumption, which, however, can be significantly reduced if the operations of slag cleaning and directional crystallization are combined in one metallurgical process, by slightly modifying the induction melting furnace, which is one of the main tasks of this project.
2.6. The use of scientific and technical products is carried out jointly by the Customer and the Contractor in accordance with the legislation of the Republic of Kazakhstan.
2.7. Type of use of the result of scientific and (or) scientific and technical activities: Reports, publications, recommendations for use.

3. Name of work, terms of their implementation and results

	Job code, stage
	Name of work under the Agreement and the main stages of its implementation
	Period of execution
	Expected Result

	
	
	start
	ending
	

	1.
	Development of a draft design for the modernization of an induction melting furnace with a graphite crucible
	July 2018 
	until Nov. 1 2018 
	A draft design for the modernization of an induction melting furnace with a graphite crucible will be developed

	1.1.
	Development of a functional scheme of the metallurgical silicon purification process
	July 2018 
	July 2018 
	A functional diagram of the metallurgical silicon purification process will be developed

	1.2.
	Development of a graphite crucible for a combined process for the production and purification of silicon
	August 2018 
	September 2018 
	A graphite crucible will be developed for a combined process for the production and purification of metallurgical silicon

	1.3.
	Development of an operating scheme for a combined purification process for metallurgical silicon in an induction melting furnace with a graphite crucible
	October 2018 
	until Nov. 1 2018 
	An operating scheme will be developed for a combined purification process for metallurgical silicon in an induction melting furnace with a new graphite crucible

	2.
	Development of the combined process of slag cleaning and directional crystallization of silicon
	January 2019 
	until Nov. 1  2019 
	The combined process of slag cleaning and directional crystallization of silicon will be developed

	2.1.
	Development of one-stage slag cleaning of metallurgical silicon
	January 2019 
	March    2019 
	One-stage process of slag cleaning of metallurgical grade silicon will be developed

	2.2.
	Study of the processes of separation of silicon and slag and the extraction of target products from the crucible
	April 2019 
	June     2019 
	The processes of separation of silicon and slag and extraction of target products from the crucible will be investigated

	2.3.
	Research and development of the combined process of slag cleaning and directional crystallization of silicon
	July 2019 
	until Nov. 1 2019 
	The combined process of slag cleaning and directional crystallization of silicon will be studied and tested. One article will be published in a peer-reviewed domestic scientific journal with a non-zero impact factor and one article in a peer-reviewed foreign scientific journal with a non-zero impact factor

	3.
	Production of ternary alloys Al / Ca / Si in a modernized induction furnace and study of their parameters
	January 2020 
	until Nov. 1  2020 
	Ternary alloys Al / Ca / Si will be obtained in a modernized induction furnace and their parameters will be investigated

	3.1.
	Obtaining of ternary alloys 
Al / Ca / Si in a modernized induction furnace with a graphite crucible
	January 2020 
	March    2020 
	Al / Ca / Si ternary alloys will be obtained in a modernized induction furnace with a new graphite crucible

	3.2.
	Analysis of the structure and elemental composition of ternary alloys Al / Ca / Si
	April 2020 
	September   2020 
	The analysis of the structure and elemental composition of ternary alloys Al / Ca / Si will be carried out

	3.3.
	Development of a combined process for obtaining ternary Al / Ca / Si alloys with desired properties
	October 2020 
	until Nov. 1 2020 
	A combined process for producing ternary Al / Ca / Si alloys with desired properties will be developed. 2 articles will be published in peer-reviewed foreign scientific journals, indexed in the Web of Science or Scopus databases with a non-zero impact factor, a patent of the Republic of Kazakhstan will be obtained
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APPENDIX B
LIST OF PUBLISHED ARTICLES
Published work in a domestic scientific journal in 2019

1	Chumikov G.N., Klimenov V.V., Tokmoldin N.S., Tokmoldin S.Zh. Obtaining homogeneous silicon in the process of alumothermic reduction of silicon dioxide // Eurasian journal of physics and functional materials. – 2019. – No. 3 (2). – Р. 155-163; http://ephys.kz/files/2019-06-18_07_20190302.pdf (date of access 2020-06-08).
The article was found in the RSCI databases. The two-year impact f(date of access 2020-06-08)actor of the RSCI without self-citation is 0.037. Two-year impact factor RSCI, taking into account citation from all sources 0.093 (https://www.elibrary.ru/title_profile.asp? id=67364). Quoted in databases: Index Copernicus International Ltd, Poland; CrossRef (World); Google Scholar; Science Library Index (Meadow Springs, Mandurah State, Australia); Scilit (Basel, Switzerland); ResearchBib (World), DOAJ, KKSON RK.

Published work in a foreign scientific journal in 2019
1	Ersin Bahceci, Brian Enders, Zain Yamani, Serekbol Tokmoldin, Aman Taukenov, Laila Abuhassan, and Munir Nayfeh. Proximal probe-like nano structuring in metal-assisted etching of silicon // AIP Advances. – 2019. – Vol. 9. – P. 055228-1 – 055228-7; https://doi.org/10.1063/1.5096659. (date of access 2020-06-10)
The article was found in the Web of Science Core Collection and Scopus databases. At the time of publication of the article in 2019, AIP Advances magazine had an Impact Factor of 1.579, a CiteScore for 2018 of 2.5, and a percentile in Physics and Astronomy of 56.



APPENDIX C
LIST OF AWARDED PATENTS

1 Patent No. 5297: CO1B33 / 023. Method of obtaining metallurgical silicon of high purity from natural quartz sands by the method of aluminothermy / Tokmoldin NS, Chumikov GN, Tokmoldin S.Zh. – Application No. 2020/0088.2. – Priority from 01/30/2020. – Published on October 23, 2020, bul. №42. (Патент № 5297: СO1B33/023. Способ получения металлургического кремния повышенной чистоты из природных кварцевых песков методом алюминотермии / Токмолдин Н.С., Чумиков Г.Н., Токмолдин С.Ж. – Заявка №2020/0088.2. – Приоритет от 30.01.2020. Опубликовано 23.10.2020, бюл. №42)
2 Patent KZ 34266p: C01B 33/04 (2006.01); C01B 33/06 (2006.01). Method of obtaining ternary intermetallic alloy of composition CaAl2Si2 for silane synthesis / Tokmoldin N.S., Tokmoldin S.Zh., Chumikov G.N. – Application № 2018/0795/1. – Priority from 10/26/2018. – Published on April 30, 2020, bul. № 17. (Патент KZ 34266р: C01B 33/04 (2006.01); C01B 33/06 (2006.01). Способ получения тройного интерметаллического сплава состава CaAl2Si2 для синтеза силана / Токмолдин Н.С., Токмолдин С.Ж., Чумиков Г.Н. – Заявка №2018/0795/1. – Приоритет от 26.10.2018. – Опубликовано 30.04.2020, бюл. №17)
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[bookmark: _GoBack]List of submitted patent applications 

1 Application for obtaining a Eurasian patent for invention No. KZ2020 / 056: C01B33 / 06. Method of obtaining ternary intermetallic alloy of composition CaAl2Si2 for silane synthesis / Tokmoldin N.S., Tokmoldin S.Zh., Chumikov G.N. – Priority from 09/11/2020. (Заявка на получение евразийского патента на изобретение № KZ2020/056: C01B33/06. Способ получения тройного интерметаллического сплава состава CaAl2Si2 для синтеза силана / Токмолдин Н.С., Токмолдин С.Ж., Чумиков Г.Н. – Приоритет от 11.09.2020)
2 Application for obtaining a Eurasian patent for an invention No. KZ2020 / 055: C01B33 / 04, C01B33 / 06. Method for the synthesis of silanes in a flow reactor with counter streams of powdered raw materials and an active reagent / Tokmoldin S.Zh. – Priority from 09/11/2020. (Заявка на получение евразийского патента на изобретение № KZ2020/055: C01B33/04, C01B33/06. Способ синтеза силанов в проточном реакторе со встречными потоками порошкообразного сырья и активного реагента / Токмолдин С.Ж. – Приоритет от 11.09.2020)
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Polysilicon capacities of the Big Six in 2020

No. \ Manufacturer Capacity

1 | Tongwei 96,000 MT

2 |GCL-Poly 90,000 MT

3 | Wacker 84,000 MT

4 |Daqo New Energy| 80,000 MT

5 | Xinte Energy 80,000 MT

6 |East Hope 80,000 MT BERN@RESEAR(H
Total 510,000 MT Pobslon faket epoes

Six manufacturers will form a new polysilicon super league - Chart: Bernreuter Research
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TEXHUYECKASI CHEIH®UKALHSA 1
KAJIEH/IAPHBIH ILJTAH PABOT

1lo norosopy Ne W4 OT « 123— » o9 2018 ropa

1. Toxmonoun Cepexéon Kapvirzanosuu

1.1. TTo npuopurery: Ne 2 — DHepreTHKa H MALIMHOCTPOCHHE.

1.2. Tlo moanmpuopuTery: ANbTEPHATHBHAS JHEPreTHKA W TEXHOJOrMH: BO30OHOBIsEMbIE
MCTOYHHMKHM SHEPTHH, A/IePHAsA U BOIOPOJIHAS IHEPreTHKA, IPYriHe HCTOYHHKH SHEPrHHU.

1.3. Tlo Teme mpoexra: UPH AP05130235 «MopnepHnsaumns 06OpyAOBaHHA H TEXHOJOTHH
TNOJTY4eHHs OYMLIEHHOTO KPEMHHUS LI COJIHEUHOM (POTOIHEPreTHKIY.

1.4, Obwas cymma mpoekta: 35920681 (7puoyame name muniuonos Oeesimocom
06adyams MeICAY WECMbCOM 0CEMbOCCAM OOUH) TEHTE, B TOM 4YHCie ¢ Pa3OUBKOIl MO rojam, s
BBINOJIHEHHA paboT COracHO MyHKTY 3:

—Ha 2018 ron — B cymme 12 000 000 ([eenaoyams munnuonoe) Texre;

—Ha2019ron — B cymme 12 164 509 ([lsenaoyame murnuonos cmo wecmooecsm yemsipe
MBICAYU NAMBCOM Oe65Mb) TEHTE,

—Ha2020ron — B cymme 11756 172 (Oounnaoyame munnuonoé cemvcom nameoecsm
wecmy molcsy Mo cembOecam 06a) TeHre

2. Xapakmepucmuka nay4no-mexnu4eckoi npoOyKuuu no KeaIu(uKaquoHHsIM
NPUSHAKAM U IKOHOMUHECKUE NOKA3amenu

2.1. Hanpasnenue paGoTbl: OMbITHO-KOHCTPYKTOPCKHE pa3paboTku 0GOpyAOBaHHS W

TEXHOJIOTHH MOJTy4eHHs OUMIIEHHOTO METANTyPrUueckoro KPeMHUs C HU3KHM COZlepKaHHeM

npumeceii

2.2. O6nacTb NpUMEHEHHS: NONYYEHNEe MATEPHANIOB ISl COTHEUHOI (OTOIHEPreTHKH.

2.3. KoHeuHblit pesynbTat:

— 3a 2018 rox: Bymer paspaGoTaH 3CKM3HBIA MNPOEKT MOJAEPHH3ALMHM HMHIAYKLIMOHHON
MJIaBUJIBHOM Meyu ¢ l'paq)H'K)BblM THIJIEM.

— 3a 2019 rox: Byner orpaGoran KOMGHHMpPOBAHHBIN MPOLECC LIJIAKOBOH OYMCTKH M
HanpaB/IeHHOH KpUCTa/TH3aLMH KpeMmHus. ByayT onyGnukOBaHbI OfHA CTAaThs B PELEH3HPYEMOM
OTEYECTBEHHOM HAY4HOM M3MaHMM C HEHYJeBbIM WMMNAakT-QakTOpOM U OIHA CTaThi B
PeLIEH3NPYeMOM 3apyOeXKHOM Hay4HOM M3JaHHH C HEHYJIEBBIM HMMAKT-(aKTOPOM.

— 3a 2020 rom: Bymyt nomyuensl Tpoiihbie crmaBel Al/Ca/Si B MOmepHM3MPOBaHHOM
MHIYKUMOHHON MeYH W HCCNeNoBaHbl MX napameTpbl. ByayT onyGmmukoBaHbl 2 CTaThi B
PeLEeH3NPyeMbIX 3apyOeXKHbBIX HAYUHbIX M3JaHMAX, MHAEKCHPYeMbIX B Gasax naHHbix Web of Science
WK SCopus ¢ HeHyJIeBbIM HMMAKT-(hakTopom, Gyner nonyyeH nateHt PK.

2.4. TlateHTOCNIOCOGHOCTD: Pe3y ibTaThl MpoeKTa SBAAIOTCSA MATEHTOCTIOCOOHBIMH.

2.5. HayuHo-TexHuueckuii ypoBeHb (HOBM3Ha): PaspaGoTaHHbIil HCMIONHHTENSAMH JAHHOTO
NpOeKTa WHHOBALUMOHHBIH ONHOCTAAMHHbI aMOMOTEPMHUYECKHIT MPOLECC LIIAKOBOH OYHMCTKH
METaJUIypruyeckoro  KPeMHMsl  XapaKTepH3yeTCs BBICOKHM  HAay4HO-TEXHHYECKMM yPOBHEM,
TIPOCTOTOH anmnapaTypHOro odopmieHnsi, HU3KOH Ce6eCTOMMOCTBIO M 3(p(EKTHBHBIM yaaneHHeM
TPYAHOYZANIEMBbIX MPUMECHBIX 37eMeHToB Gopa u dochopa 10 yposHs 1 ppm u Huke, 4TO
COOTBETCTBYET TPEGOBAHUAM K KPEMHHIO COJIHEYHOTO KauecTBa, HO NMPH 3TOM COAePKaHHe KallbLius,
aTIOMHHUA M JKeNe3a OCTaeTcsi Bbillle HOPMbL IIpUMeCH KaibLMs, aTFOMHHHA M JKene3a JIerko
yRanAoTCA 0 TpeOyeMOoro ypoBHs HanpaBJeHHOH KPUCTAILTH3ALIMEH, 4TO TpeOyeT A0MONHHTENbHbIX
3aTpaT SHEPTHH, KOTOPbIE, ONHAKO, MOXKHO CYLIECTBEHHO YMEHBUIUTh, €CIH COBMECTHTD ONepaLlii
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LWIJIAKOBOM OYMCTKH M HaﬂpaB!leHHOﬁ KPUCTA//IM3aLUMKU B OAHOM META/Typru4eCcKOM mnpouecce,
HEMHOro Monmbnuupoaaa HHAYKUMOHHYIO TUIABHUJIbHYIO M€4b, YTO SABJIAETCS OZIHOW W3 INaBHBIX
3a/1a4 HaCTOSLIEro NMpoeKTa.

2.6. Hcnonb3oBanue

Hay4YHO-TEXHUYECKOH

TIPOAyKUMH  OCYIIECTBISETCS

COBMECTHO

3akasunkom 1 McrionHuTeneM B COOTBETCTBHH ¢ 3aKOHOAATENbCTBOM PecryGmku Kasaxcran.
2.7. Bun Mcnonb3oBaHus pesynbTaTa HayqHON M (MJHM) HAYYHO-TEXHUYECKOH JEATENbHOCTH:
OtyeTsl, MyGMHKALIH, PEKOMEHALMH ISl HCTIONB30BAHMHS.

3. Haumenosanue paﬂnm, CPOKU UX Peaiu3auuu u pezyibmamslt

Inpp Hanmenosanue paGot o CpoK BbIMONHEHHS
3ananus, | JloroBopy 4 OCHOBHBIE STalbI Oxunaemslii pesynbrar
aTana €ro BbINOJHEHHs HRUANIO |'OKOHHAHNG

1. Paspaborka 3cku3Horo HIOJIb no 1 Byner paspaGoran 3cku3HbIi
MPOEKTa MOZEPHH3ALMH 2018 r. HOAGPA | MPOEKT MOJEPHU3ALMK
MHAYKUHOHHO# MIaBUIbHOM 2018 r. MHIYKUMOHHO# TIaBUIBHOMN reyn
ey ¢ rpaHTOBBIM THI/IEM C rpadUTOBBIM THIIIEM.

1.1.  |PaspaGoTka QyHKUHOHANBHOM | HIOJb HIOJTb Byner paspaGorana
CXEMbl MPOLIECCa OYUCTKH 2018 r. 2018 r. (yHKLHOHANBHAs CXeMa NMpoLecca
METaJLTypriUyeckoro KpeMHHst OYHMCTKH METaJLITypruyecKoro

KPEMHHS.

1.2, |Pa3paGoTka rpaduroBoro asryct | ceHtsibpe | Bysmer paspaGoran rpaputosbiii
TULIS IS0 2018 r. 2018 r. | THremb ans KOMOHHMPOBAHHOTO
KOMOMHHPOBAaHHOIO npoLecca NOMyYeHHs M OYHCTKI
nIpoLIecca MOTyYeH s H METaJIyprU4ecKOro KPeMHHS.
OYHMCTKH KPEMHHS

1.3, |PaspaGoTka onepauHoHHOH | OKTSOpb no 1 Byner paspaGorana onepaunoHHas
CXeMbI KOMOHHHPOBAHHOTO 2018 r. HOAGPA | cxema KOMOMHHPOBAHHOTO
npoLecca OUHCTKH 2018 r. MPOLIECCa OYUCTKH
METaJLTypPriyeckoro KpemHHsi METaJLTypriUyeckoro KpeMHus B
B UHAYKUMOHHO# MJIaBUIbHOM MHYKUHOHHO#N NIaBMIbHOI reyun
neun ¢ rpadMTOBBIM THIIIEM C HOBBIM IPa)MTOBBIM THUIIIEM.

2. OrpaGoTka SIHBapb no 1 Byner orpaboran
KkomOuHHpoBaHHOro mpouecca| 2019 r. HOAGPA | KOMOMHMpOBaHHBII mpouecc
LIIAKOBOMH OUMCTKH U 2019 . LIIAKOBOH OYMCTKH M
HarpaBJIeHHOMH HanpasJIeHHON KPUCTAITH3ALIMH
KPHCTAJLTH3ALHH KDEMHHS KPeMHus

2.1. |Orpaborka omHOCTanMiHON | sIHBapb Mapt Byner otpaGoTan oaHOCTanMiiHbIi
LIJIAKOBO# OYHCTKH 2019 r. 2019 r. MPOLIECC LIIAKOBOI OYUCTKH
METaJLTypruueckoro KpeMHHs KPEMHHS METAJITypriUyeckoro

KauecTsa

2.2. |HccnenoBanue npoLeccos anpesb HIOHb BynyT uccnenosanbl npouecchl

PaccioeHust KpEMHHUs 1 2019 r. 2019 . PACCI0EHHs KPEMHHS U LIJIAKA 1

mjlaKka v U3BJICHYEHUS
LENEBbIX MPOAYKTOB M3 THIJIA

M3BJICYEHHUS LICIEBBIX NMPOAYKTOB
U3 TUrIA
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23. |Hccrenoanne 1 0TpaboTka HIONIb no 1 Byner uccnenosan u orpaboran
KombuHIpOBaHHOTrO npouecca| 2019 T. HOAIGPA | KoMOHMHMpOBaHHBIii MpoLece
LIAKOBOH OUUCTKH M 2019 . LUaKOBOH OYHCTKH H
HanpasieHHOH Hanpas/eHHON KPUCTALIH3ALMN
KPHCTaJLTU3aLMH KPEMHHS KkpemHus. Bynyt ony6imnkoBaHb

OJIHA CTaTbsl B PELEH3UPYEMOM
OTEYECTBEHHOM HaY4YHOM M3JaHNK
C HEHYJIEBbIM MMMAKT-(PaKTOPOM H
OJIHA CTaThsl B PELIEH3HPYEMOM
3apy0eKHOM HayYHOM W3LAHUH C
HEHYNIEBbIM UMMAKT-(haKTOPOM.

3: Tonyuerue TPOiiHbIX CrINABOB | sHBaph nol BynyT nonyuers! TpoiiHble CriiaBbL
Al/Ca/Si B 2020r. Hosibps | Al/Ca/Si B MonepHu3HpOBaHHOI
MOJIEPHU3HPOBAHHOMN 2020 . HHAYKUHOHHO# neuu n
MHyKLHOHHO# reuu 1 MCCJIEIOBAHBI HX MAPAMETPbI.
HCCIIeNIOBaHNE HX NAPaMeTPOB

3.1, |Ilony4enue TPOHHBIX CILIABOB | SHBAPH MapT BynyT nomyuers! TpoiiHble CriiaBb
Al/Ca/Si B 2020r. 2020r. | Al/Ca/Si B MOREPHU3MPOBAHHO
MOJIEpHH3HPOBAHHOM MHIYKUMOHHOH Me4H ¢ HOBbIM
MHAYKUHOHHO# MeyH ¢ rpadUTOBBIM THIIEM.
rpadUTOBLIM THIIIEM

3.2. |AHanus CTpyKTYypbl U anpenb | ceHTAOpb | Byner nposenen ananus
3IEMEHTHOTO COCTaBa 2020 r. 2020 . CTPYKTYpPbI U 3JIEMEHTHOIO
TpoiiHbIX critaBos Al/Ca/Si €OCTaBa TPOHHbIX CIIABOB

Al/Ca/Si.

3.3. |PaspaGorka OKTAOPb no 1 Byner paspaGoran
KoMGHHMpOBaHHOTO npouecca| 2020 r. HOAOps | KOMGMHHMPOBaHHBIiA npoLecc
MOJTy4EHUs TPOMHBIX CIIABOB 2020 . MOJy4€HHs! TPOIMHBIX CIUIABOB
Al/Ca/Si ¢ 3ananHbIMH Al/Ca/Si ¢ 3ananHbIMI
CcBOMCTBAMH csoiicrBamu. Byayt

OnyGIHKOBAHBI 2 CTAaTbH B
PeLEH3UPYEMBIX 3apyOexKHbIX
HaY4HBIX H3JaHMSX,
MHIEKCHPYEMBIX B 6a3aX JaHHbIX
Web of Science uu Scopus ¢
HEHYNIEBbIM MMMAKT-HaKTOpoMm,
Gyner nonyuen narent PK.

Or 3aka3unka: Or Ucnonuutens:

H.o. npencenarens JloKTOp (H3MKO-MATEMATHYECKHX HAYK,

[‘Y_g_KoMme'r Hayku MuHucTepcTsa npodeccop

Hayku PK»

Hypcenros P.C.

Toxmonmun C.K.

O3HakomJieH:

Hayunblit pykoBoaurenb npoekra

Toxmonmn C.XK.
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KA3BAKCTAH PECITYBJIUKACHI G PECITYBJIINKA KABAXCTAH

REPUBLIC OF KAZAKHSTAN

NMATEHT
PATENT
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IMAVITAJTBI MOJIEJIBI'E / HA IIOJIE3HYIO MOJEJB / FOR UTILITY MODEL

(21) 2020/0088.2
(22) 30.01.2020

(45) 05.02.2021

(54) AmromMuHOTEpMHUS — dficiMeH TaOWFWM KBapll KYMBIHAH albIHFaH JKOFaphl  Ta3ajbIKThHI
METaLTypTHANBIK KPEMHHI aTy Toclii
Croco6 MoTydeHHS METaLTyprHIecKOT0 KPEeMHUS IOBBINICHHOH UHCTOTHL W3 IPHPOJHBIX
KBapIIEBBIX IIECKOB METO/IOM ATIOMUHOTEPMUH
Method for obtaining of high-purity metallurgical silicon from natural quartz sands by the method
of aluminothermy

Toxmonnun Cepexdorn XKapsutranosua (KZ)
Tokmoldin Serekbol Zharylgapovich (KZ)

Toxmonnun Hypnan Cepexbonoruu (KZ) Tokmoldin Nurlan Serekbolovich (KZ)
UymukoB [ennanuit Hukomaesua (KZ7) Chumikov Gennadiy Nikolayevich (KZ)
Toxmonmun Cepexdor Kapsutranmosud (KZ)  Tokmoldin Serekbol Zharylgapovich (KZ)

SIIK K0a KOHbLIIBI E. KyanTsIpoB
Ioamucano DI E. Kyantsipos
Signed with EDS Y. Kuantyrov

«¥ITTHIK 3UATKEPIIK MEHIIIK HHCTUTYTH» PMK nupextopst
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Director of the «National Institute of Intellectual Property» RSE
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TlateHTTi KYIIiHIE yCTay aKbIChl YaKBITBUIBI TOJICHICH JKaF/[aii/la IMaTeHTTiH Kyl
Kasakcran PecryOmukacsiHBIH GYKLI ayMarbIHIa KOJaHBLIa bl

ITareHTKe MaiiTaIbl MOACIBAIH TONBIK CHIATTaMacsl www.kazpatent.kz pecmu caifTeira
«Ka3zakcran PeciyGmukachIHBIH ©HEePTaObICTAPBIHBIH MEMICKETTIK Ti31TiMD» GeliMIHIe KOLKETIML.
%k %

JleicTBHE IATEHTa PACIIPOCTPAHSIETCS Ha BCIO TeppuTopHio Pecry6muku Kasaxceran
IIPU YCIOBHH CBOSBPEMEHHOM OILIATHI OICP/KAHHUS [IATEHTA B CHIIE.

TTomHOE OMHMCAHH € MONEe3HOM MOJEIH K IATeHTy JOCTYIIHO Ha oHIHaTbHOM caiite www.kazpatent.kz
B paszene «l ocyrapcTBeHHEIH peecTp u3o0peTernuii Pecry6uku Kasaxcramy.

& ok ok

Subject to timely payment for the maintenance of the patent in force
the patent shall be effective on the entire territory of the Republic of Kazakhstan.

Full description of the patent for utility model are available on the official website www.kazpatent.kz
in the section «State Register of Inventions of the Republic of Kazakhstany.

Kasakcran Pecry6iankacsl OnineT MEHUCTPIIITIHIH
«¥ITTHIK 3UATKEPIK MEHIIIK HHCTHTYTBI» PMK
Hyp-Cyunran Kanacst, Morrinik En ganrsuisl, Fumapar 57A

PI'TI «HarnuoHanpHbIH HHCTUTYT HHTE/UICKTYaIbHOM COGCTBEHHOCTH»
Munuctepersa octuims Pecniy6mmku Kazaxcran
Topox Hyp-Cynaran, npocnekt Manrumuk Ex, 3ganme 57A

«National Institute of Intellectual Property» RSE,
Ministry of Justice of the Republic of Kazakhstan
Nur-Sultan, 57A Mangilik El Avenue

Tem./Tel: +7(7172) 62-15-15
E-mail:  kazpatent@kazpatent kz
Website: www.kazpatent.kz
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Register of Inventions of the Republic of Kazakhstan: 07.04.2020

(54) Cunan cunTe3Ieyre apHaIFaH KocapaaHFaH YIITIK uHTepMeTanabl CaAl » Si » KOPBITIACHIH a1y TACiIi
Croco6 moryueHns TPOMHOTO HHTEPMeTaLTHIecKoro ciuaBa coctaBa CaAl,Si, 11 CHHTe3a CIIaHa
Method of obtaining a ternary intermetallic alloy CaAl,Si, composition for silane synthesis

(73) Toxmonmuu Cepex6on XKapeurramorma (KZ)
Tokmoldin Serekbol Zharylgapovich (KZ)

(72) Toxmomnua Hyprnar Cepexdonosud (K7) Tokmoldin Nurlan Serekbolovich (KZ)
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Ministry of Justice of the Republic of Kazakhstan

Hyp-Cynran kanacsl, Kopramkeia Tac xoisl, 35 FuMaparsl
ropox Hyp-Cynran, mocce Kopramksis, 31anne 3b
Nur-Sultan, Korgalzhyn highway, 3B Building

Tenegon / Telephone number: +7 (7172) 62-15-15

E-mail: kazpatent@kazpatent.kz
http:// www.kazpatent.kz

TTaTeHTTI KYIIIHE YCTay aKbICHl YaKBITBLIB TOJIGHTEH JKaFaaiina,
nateHTTiH Kymn KazakcTan PeciyGmikackIHBIH GOYKLT ayMarbIHIa KOJIIaHBLTAIEL
JleficTBIIe [ATeHTA PACIPOCTPAHACTCS Ha BCIO Tepputopuio Pecryommkn KasaxcTan IpH ycIOBHN CBOSBPEMEHHOIT OILITATEI HOIISP/KAHII
[IaTeHTA B CILIE.
Subject to timely payment for the maintenance of the patent in force
the effect of the patent extends to the entire territory of the Republic of Kazakhstan.

«¥3MM» PMK BeG - nopransinga Kasakcran Pecry6mikacsl ©OHepTaGhICTaphl MeMITEKeTTIK
TI3UTIMI GOTTIMIH/Ie OHePTaOhIC ITATEHTIHE TOIBIK CHIIATTAMACH! KOIDKETIMIL.
TlonHOe omucaHne M300peTeHNs K aTeHTy
noctynHO Ha Be6-oprane PITI «HUMC» B pa3gene « ocyTapcTBEeHHBIE PeeCTPEI
m3o6perermii Pecrryonnkn Kazaxcramy».
Full description of the patent is available on the NIIP web portal in the State Register of Inventions
of the Republic of Kazakhstan section.
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IITAPYAIIBUIBIK JKYPII3V

K¥KbIF bIHJAFBI PECITYBJIMKAJIBIK MMHHCTEPCTBA IOCTUITUN
MEMIJIEKETTIK KOCIIIOPHBL PECIIVBJIMKH KABAXCTAH
MoHriTik ET JaBFSIIEL FMapar 57A. T.e.6. 8. Ecit aynassL TIpocnekt Marrumuk En, 3manne 57A, 5L 8, paifon EcHis.
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EBpasniickoe maTeHTHOe BeJOMCTBO
EBpasuiickoii naTeHTHOI
Opranm3anuu

M. Yepkacckuii nep., 2,

r. MockBa, 109012

Hampasnsiem Bam wmarepuaner espasumiickoit 3asBku KZ  2020/055 wa
m3o0pereare «Cmocod CHHTE3a CHJIAHOB B NPOTOYHOM PeEaKTope Co
BCTPEYHBIMI MOTOKAMH MOPOMIKO00PA3HOT0 CHIPHSI H AKTUBHOTO PEareHTay.

3assutens(u): Tokmomamu Cepexooa JKapouranosuu (KZ).

Jlara momauu BBIMICYKA3AHHOW 3asBKH YCTAHOBJCHA MO HATe MOCTYILICHUS
MarepuanoB B HaumoHaneHOe BemoMcTBO (cr.15(1)(i1) EBpaswmiickoit mareHTHOM
kouBenuun) - 11.09.2020 .

[Mpunoxenue: 11 m.

HanmenoBanne noxymeHTa Kon-Bo 3Kk3. Kon-Bo 1.
B | 3K3.
3asBrcHUC | 2
Onucanne 1 4
Yeptex 1 3
®@opmyma 1 1
Pedepar | 1
Honmucano IIIII:

H. AGyaxaupoB (3aMeCTHTEIb TUPEKTOPA)

Hem.: JI. Tyremesa
Ten.: 8 (7172) 621515
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K¥KbIFbIHIATFBI PECITYBIMKAJIBIK MMHHCTEPCTBA IOCTUITHUN
MEMIJIEKETTIK KOCIIIOPHBL PECIIYBJIMKH KABAXCTAH
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EBpasuiickoii naTeHTHOI
Opranm3anuu

M. Yepkacckuii nep., 2,

r. MockBa, 109012

Hampasnssem Bam wmarepuaner espasmiickoit 3asBku KZ 2020/056 wHa
u3obpererne «Cmocod MOydeHnsi TPOWHOT0 MHTEPMETALUIHIECCKOr0 CIJIaBa
cocraBa CaAl2Si2 nuis cunre3a cnianay .

3assutens(u): Tokmommumu CepexooJ JKapouranosuu (KZ).

Jlara momauu BBIMICYKA3aHHOW 3asBKH YCTAHOBJICHA MO HATe MOCTYILICHHUS
MarepuanoB B HaumoHaneHOe BemoMcTBO (ct.15(1)(i1) EBpaswmiickoit mareHTHOM
xouBeHIwH) - 11.09.2020 .

OnHOBpPEMEHHO OTMEYaeM, HYTO NAHHAS CBPA3UICKasl 3asBKA TOXAHA C
HCIPALIMBAHUEM MPHOPUTETA I[O3IHEE YCTAHOBICHHOTO COINACHO crarbu 4
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[Tpunoxenue: § .

HanmenoBanue noxymeHTa Kon-Bo 3k3. Kon-Bo 1.
B | 3K3.
3asBcHUC 1 2
Omnucanne 1 2
Ueptex 1 2
@opmyna 1 1
Pedepar | 1
Honmucano JIIII:

H. AGyaxkaupoB (3aMeCTHTEb TUPEKTOPA)

Hen. JI. Tyremesa
Ten. 8 (7172) 621515




image1.png
UDK 661.6
State Registration No. 0118RK 01204
Inv. No.

REPORT
ON THE SCIENTIFIC-RESEARCH WORK

MODERNIZATION OF EQUIPMENT AND TECHNOLOGY FOR OBTAINING OF

PURIFIED SILICON FOR SOLAR PHOTOVOLTAICS
(final)

Principal SRW \{ S.Zh. Tokmoldin
A
Doctor of Phys-Math., Prof

Almaty 2020




image2.png
Principal SRW
Doctor of Phys-Math., Prof

Responsible Executors:

[eading Researcher,

Candidate in Phys-Math.

Senior Researcher

Executors:

Researcher

[-Category Engineer

Engineer

Metallurgist

Mechanic

Technic

LIST OF EXECUTORS

/‘»?527 7Y 0L
/

(“ (0. /O

ME
W

A0, O M?//z A (/*‘“
/
4, 7p.20 /g;/*
=

75 0 AL

Y
chapcey -
&

Tokmoldin S.Zh.
(Abstract, Introduction,

Parts 1-3, Conclusion)

Issova A.T.
(Abstract, Introduction,

Part 2)

Chumikov G.N.
(Abstract, Introduction,

Parts 1 and 3)

Klimenov V.V.
(Parts 1-3)

Kislyakova N.M.
(Parts 1 and 3)
Girin D.

(Parts 2 and 3)

Bazarbayev S.S.
(Parts 2 and 3)

Tarakanov Yu.A.

(Parts 2 and 3)

Tarakanova S.N.

(Parts 1 and 3)




