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ABSTRACT

The dissertation work contains 54 sheets, 14 figures, 23 tables, and a
bibliography consisting of 65 titles.

Keywords: titanomagnetite ores, concentrates, agglomerates, pellets, charge,
cast iron and slag.

For research, titanium-magnetite and ilmenite concentrates were obtained,
which contain alloying elements of industrial significance, such as titanium,
vanadium.

The dissertation work contains the results of work aimed at improving the
technology of reduction smelting of complex concentrates of refractory metals,
designed to minimize the risks associated with the formation of titanium carbides
and solve environmental, energy and economic problems of great interest in
metallurgy.
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Introduction

The global trend in the development of metallurgy is such that there is a rapid
depletion of iron ore reserves, so there is an urgent need to switch in the near future
to the use of complex ores of complex composition. Such ores include
titanomagnetites, which are widely distributed and have huge reserves in the bowels
of the earth.

Melting on a high-titanium charge is one of the most difficult in the practice
of blast furnace production, because along with compact masses of cast iron and
slag, sedentary conglomerates of coke fines, metal, slag and carbonitrides are formed
in the furnace. In this regard, the filtration of melts worsens, metal losses increase,
the gas pressure drop in the lower part of the furnace increases and its productivity
decreases. Under blast furnace smelting conditions at “JSC EVRAZ Nizhnetagilsky
Metallurgical Combine” (JSC “EVRAZ NTMK?), the content of titanium oxide in
the charge is 48-50 kg per 1 ton of cast iron, which is almost twice the maximum
allowable amount of titanium in the charge at metallurgical plants in other countries,
for example, Japan. In the future, the titanium content in the charge will increase.

Relevance. On the territory of Kazakhstan there are ilmenite and studied, but
not processed titanomagnetite ores. On the territory of Russia (in the Ural region) a
large deposit of titanomagnetite has been studied and processed. Titanium magnetite
concentrate containing 56.0-62.0% Fe; 4.0-5.0% TiO,, 0.50-0.6% V,0s and 0.12-
0.15% Mn are produced by the Kachkanar GOK and a large metallurgical plant of
JSC EVRAZ NTMK. The most important issue is the development of new
progressive technologies that ensure the direct extraction of natural alloyed steels
from them as a result of the processing of complex in chemical and mineralogical
composition, hematite, magnetite and complex iron ore raw materials. To do this, it
is necessary to create the scientific foundations of technologies that make it possible
to leave valuable elements contained in raw materials, in the right amount, in the
composition of steels obtained from them.

Among the complex iron ore raw materials, the most important are titanium
magnetite, ilmenite ores, which contain such precious metals as V, Ti, Mn and Cr.
Titanium oxide (TiO;), which is contained in the raw material, and is widely
distributed in the iron crust. The chemical strength of titanium oxide is several times
higher than that of iron oxide. Therefore, titanium oxide reduction will be very
difficult. In this connection, scientific research of the process of consistent reduction
of iron and alloying metals, development of technology of processing of titanium
magnetite and ilmenite concentrates is topical.

Purpose of the work. The purpose of this dissertation is to study the
processing of titanomagnetite ores or concentrates that have a significant impact on
the recovery processes, taking into account the development of production and the
trend of changes in raw material conditions.

Main tasks:

— preparation of laboratory samples from multicomponent oxide materials;



— calculation of stoichiometric consumption of solid carbon for the reduction
of metal oxides;

— preparation of special samples of ore-coal mixture required for the process
of direct reduction of metals and obtaining metallized materials from them,;

— development of technology of laboratory reduction and melting of
multicomponent concentrates, preparation and testing of laboratory melting units.
Analysis of the obtained research results.

The object of study is titanomagnetite ores, concentrates.

The subject of research is the technology of processing titanium-magnetite
ores.

Scientific novelty of the research:

— the regularities of the sequential reduction of iron, vanadium, manganese,
chromium and titanium using solid carbon have been revealed, depending on the
chemical strength and temperature of the corresponding metal oxides;

— determined the kinetic parameters of the metal reduction process obtained
by sequential-phase change with solid carbon from each high oxide to metal;

— it has been established that the composition of gases formed during
reduction (CO, CO,) varies depending on the phase transformation of oxides, the
composition of which is important for controlling the phase composition of the
charge and molten metal,

— based on the results of scientific research, a technology has been developed
for obtaining alloyed steel directly from complex titanomagnetite and (or) ilmenite
concentrates that are difficult to process.

Practical significance. The proposed method makes it possible to solve a
wide range of technological problems arising during the processing of titanium-
magnetite raw materials, which makes it possible to eliminate problems associated
with carbide formation.
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1 The state of the problem of processing titanomagnetites
1.1. Features of blast furnace melting of titanomagnetites

Titanium magnetites are quite common type of iron ore raw materials, for
example, their share in the industrial reserves of iron ores of the Urals is 76.8% [1].
Titanomagnetites are complex ores containing mainly the following minerals:

— ilmenite FeTiO3 (36.8% Fe, 31.6% Ti; 36.6% O) ~ 30 %;

— magnetite Fe3O4 or FeO-Fe 03 (74.4% Fe; 27.6%0) ~ 50 %;

— hematite Fe,O3 (70% Fe; 30% O) ~ 15%.

[lmenite is rarely pure and is more commonly found in association with
magnetite. This kind of structure is a consequence of decay of solid solution ilmenite
in magnetite during solidification. Under different crystallization conditions, the ore
can be coarse-grained, allowing for the separation of titanium from iron by magnetic
separation, but sometimes the germination is so thin that the process becomes
impossible [6].

Titanomagnetites typically contain 4 to 18% Ti10, and 0.1 to 0.8 % V,0s. The
reason for the presence of vanadium in these ores is due to the fact that the primary
form of vanadium in the Earth’s crust is its trioxide - VO3, which is part of most
major eruptive rocks, concentrating in very small but certain quantities [2],
(Me!"2%),(Me?*3*)s[(OHLF)|(S1,A1)4011]2 - (0.03 - 0.06%), pyroxenah - (Me**,Me>")
[Si,06]- (0.03.03 - 0.06%), K(Mg,Fe*",Mn);[(OH,F),|(Al,Fe*")-Si3010] — (0,07 —
0,127 % V203). The same primary vanadium, which is in the form of V,0;3 in
magmas, is partially released to ore sites upon differentiation, replacing
isomorphically Fe;Os in magnetite or entering the iron lattice due to the very close
similarity in the electronic shell structure and ion radii (for Fe - 0.67 A, for V - 0.65
A)[2, p.23].

The features of blast furnace melting of titanomagnetites are generalized in
the works and can be summarized as follows.

The increased content of TiO; in blast furnace charge (about 50 kg/t of cast
iron) causes technological difficulties in the smelting of vanadium cast iron. In the
temperature conditions of the blast furnace, gamma oxides of titanium (TiO, Ti30s,
T1,03, Ti0O), are formed, which contribute to the formation of refractory carbonitride
compounds. The latter accumulate on the interfacial boundaries and surface of the
coke, making it difficult to coagulate the kings of the metal [19, p.5]. The
consequence of this is an increased loss of cast iron with slag, a deterioration of the
drainage capacity of the horn [20, p.70-75], which creates conditions for the
formation of non-active «soft» masses in the mountains. It is no coincidence that in
the world practice of blast-furnace production, the allowable quantity of TiO; in
charge is limited to 10 kg/t of cast iron [21, p. 20].

The increased content of titanium dioxide in the initial ore, as well as
production failures (in the form of delayed releases, quiet strokes, parking lots and
sediments) enhance and accelerate the processes of furnace growth by titanium
carbonitride, Blast furnace operation becomes extremely unstable and is
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characterized by frequent cluttering of the mountain by non-polar masses. Therefore,
titanium magnetite processing efficiency reserve is largely related to the
improvement of the slag mode [3].

Titanium dioxide (TiO;) in titanium-containing iron-ore materials is
successively restored in the blast furnace by the following reactions:

TiO, + C = TiO + CO, (1.1)
TiO + C = Ti + CO. (1.2)

Thermodynamic analysis of the above reactions shows that recovery of
titanium oxides at a noticeable rate begins at 1300 °C.

The resulting metallic titanium interacts with carbon as well as nitrogen to
produce carbides (TiC), carbonitride (TiCN) and titanium nitride (TiN):

Ti + C = TiC, (1.3)
Ti + C + N = TiCN, (1.4)
Ti + N = TiN. (1.5)

TiC is formed with a large release of heat (239.694 kJ/mol), the conditions for
its formation when carbon is exposed to TiO, are very favorable. The resulting
compounds have exceptionally high melting points — more than 3000 ° C (for
example, TiC — 3420 ° C). Since the temperature of cast iron and slag during blast
furnace melting rarely exceeds 1450 — 1500 ° C, these carbides and carbonitrides of
titanium are in melts in the form of solid phases.

During the normal course of the furnace, 7-10% of titanium is restored and
passes into the metallic phase, but, as the metal is carburized and silicon is reduced
to cast iron, the solubility of titanium in it decreases and excess titanium is released,
concentrating (together with the newly formed) on the metal-slag, slag-coke contact
surfaces, increasing the adhesion of the metal to slag and slag to coke. This is the
reason for the poor filterability of the slag through the coke nozzle, which is
expressed, in particular, in the appearance of slag on the tuyeres, especially before
releases and when removing the blast, as well as the cause of increased losses of
metal with slag, mainly in the form of so-called grenal, which is a crown of metal in
a slag shell enriched with carbides and oxycarbonitrides of titanium.

As the temperature and time of the melts in the mountain furnace increase, the
formation of TiC and TiCN progressively increases, which is accompanied by their
accumulation in the blast furnace mountain. The density of titanium carbide and
carbonitride formations is lower than that of cast iron (titanium carbide density 4.93
g/cm® and cast iron density 6.9 g/cm?), but higher than slag density (slag density 2.8
g/cm?). Said formations, which are not soluble in cast iron and slag, form a third
phase - a grease, which from the main mountain trough enters the slag (i.e. is lost
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with slag) and cast iron carriers, depositing on the lining of the latter. This leads to
an increase in the specific iron consumption by 1t of commercial cast iron [24].

The presence of titanium carbide and carbonitride solids in the slag makes the
slag a heterogeneous system, accompanied by an increase in the apparent viscosity
of the slag. When the furnace furnace horn is heated and the heating temperature of
the cast iron and slag melts increases, the recovery of titanium oxides and the
formation of titanium carbides and carbonitrids are intensified, causing a progressive
increase in the viscosity of the heterogeneous slag melt.

The appearance in the melts of cast iron and slag of solid phases of carbides
and titanium carbonitride has another negative side. In this case, solid shells from
TiC and TiCN prevent the iron droplets from becoming larger, resulting in an
increase in the loss of cast iron from the main distribution chute when the cast iron
is released from the furnace.

The increase in metal and slag losses due to increased slag viscosity and small
iron droplet size is related to the low deposition rate of iron droplets in slag, which
is described by Stokes equation:

W =(2/9){[g'r*(p - ps)I/}, (1.6)

where W— the deposition rate of iron droplets in the slag;
g — the acceleration of gravity;
r — the radius of the drop of cast iron;
p — density of cast iron;
ps — slag density;
n — viscosity of the slag.

Measures to reduce titanium carbide formation during blast furnace smelting
of titanomagnetites included the following.

The first successful implementation of vanadium pig iron smelting from
titanium magnetite (in 30-40 years) was made possible by the use of such a technique
as increasing the number of slags [23, p.488]. In other words, this was due to an
artificial increase in the specific output of slag due to the use of low-grade ores in
the charge. As a result, the concentration of titanium compounds in the slag and,
consequently, their impact on the physical properties of the fire-liquid slag
decreased. Naturally, this approach worsened the technical and economic
performance of production in general.

As the blast furnace melting of titanomagnetites was developed, the optimal
thermal mode was established, which corresponded to the silicon content in the cast
iron range 0.2 - 0.4%. Successful operation of blast furnace with melting of
titanomagnetites is possible only with high stability of thermal state and physico-
chemical processes flowing in it. In this case, the heat level of the kiln should be
lower the higher the concentration of titanium in the charge [18, p.5]. This mode of
operation has a inhibiting effect on carbide formation. However, a prolonged
campaign leads to a gradual increase in garnish, a decrease in drainage ability and
mountaineering.
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Until recently, the NTMC used to intermittently switch from vanadium pig
iron to conventional pig iron, which allowed to eliminate the above negative aspects.
This was allowed with six blast furnaces and more than enough iron ore base [27].
In the future, there will be three furnaces in the blast furnace shop, and the
possibilities for the production of iron ore sinter have already decreased by 2.5 times.

The use of slag-liquefying additives, such as fluorspar and alkaline
compounds, in experimental smelting showed high efficiency. However, their high
cost, difficulties in supply, preliminary preparation and introduction into the charge,
as well as the negative impact on the lining of the blast furnace, did not allow the
introduction of this technology into permanent practice.

A fairly effective means of combating titanium carbide formation (more
precisely, the destruction of carbide compounds) is the introduction of solid oxidants
into the high-temperature zone of the blast furnace. Such oxidizing agents include
hard-to-recover materials, for example, welding slag. Welding slag was introduced
and is being introduced into the blast furnace charge [27, p.152]. Due to the low-
porous macrostructure, as well as the high content of hard-to-recover fayalite in it, a
significant amount of iron oxide entered the furnace, but not so much affected
titanium carbides by reaction:

TiC + 3FeO = TiO, + CO + 3Fe. (1.7)

After the closure of the crimping workshops at the combine, the use of such
materials is possible only by purchasing on the side, which is very problematic.

The features of the blast furnace melting of titanomagnetites are associated
with the need to achieve the most complete extraction of vanadium into cast iron and
prevent (or minimize) titanium carbide formation. The degree of vanadium transition
to cast iron depends on numerous factors such as the basicity of the slag, its quantity,
the temperature of the cast iron, etc. Considering that the lower vanadium oxides are
difficult to recover and require significant heat costs, an increase in the completeness
of recovery and the degree of extraction of vanadium into cast iron can be achieved
by increasing the temperature level of the process. However, in real conditions, an
increase in the thermal state of the furnace leads to the intensive formation of
refractory titanium carbonitrides, which dramatically increase the apparent viscosity
of the slag [12, p.84,29]. Therefore, blast furnace melting of titanium-magnetite raw
materials, on the other hand, is forced to be carried out at moderate temperatures,
i.e. to a threshold at which the appearance of viscous dense masses of coke, slag and
cast iron is not caused in the furnace. At the same time, the more titanium in the
charge, the lower the heating level of the furnace and the higher the requirements for
its operation [29, p.315,30]. But, despite the fairly stable operation of the furnaces
at low furnace heating, the specifics of melting titanium—magnetite raw materials
are still manifested during the processing of melting products and in increased losses
of metal with slag (5-7%).

Improving the slag mode of melting only by optimizing its basicity is not
entirely effective. An increase in the basicity of slag contributes to both a more
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complete recovery of vanadium and the binding of titanium oxides, but increases the
yield of slag, which leads to, in addition to a deterioration in melting performance,
an increase in vanadium losses.

Studies of the effect of boron-containing additives on the agglomeration and
blast furnace process.

Reducing the true viscosity can be achieved by using slag-liquefying
additives. At the same time, the type of additive and the method of its introduction
are of no small importance [29, p.315, 30, p.9-10]. One of such additives is boric
anhydride — B,0s, which is an effective means for liquefying slags and reducing
their melting temperature.

The development of technology for the use of boron-containing additives in
the melting of titanomagnetites began with the use of borate ore (flux) Inderskoye
field (Republic of Kazakhstan) [55, 56]. The ore had a wide range of fineness (0 —
400 mm), high moisture content (up to 20%) and sulfur (more than 8%) and an
unstable mass fraction of boron oxide (16 — 30%). The approximate chemical
composition of borate ore is given in Table 1.1. It is clear that the use of such material
directly in the blast furnace process is unacceptable and its preparation is necessary,
for example, together with the agglomeration of iron ore raw materials.

Table 1.1 - Average chemical composition of borate ore (%)

B203 CaO SiOz S MgO A1203 W.T.
16.1 26.1 3.5 11.3 5.0 0.37 14.6

Initially, laboratory studies were carried out to determine the effect of the
addition of on-board flux (containing 37% B,03) to the agglomeration charge of the
Kachkanar GOK on the agglomeration process indicators. It has been established
(Table 1.2) that when borate flux is introduced (with a B,O3; content of more than
25%) in an amount of 3 to 5%, a fluxed agglomerate containing 1.1 — 1.5% B,0s is
obtained. With an increase in the proportion of borate flux in the charge, the specific
productivity of the sinter plant increases significantly (up to 70%), the strength of
the agglomerate (up to 25% (rel.)), but the mass fraction of iron in the agglomerate
decreases by 0.3 — 0.5%. The sulfur content in the agglomerate does not increase
due to an increase in the degree of its removal. During sintering, the volatilization
of boron oxide in the amount of 10 — 15% was determined.

Table 1.2 - Results of laboratory sintering of Kachkanar sinter with the
addition of Inder borate flux (IBF)

Indicators Sin‘Fering series

basic | 3% IBF | 5% IBF
Composition of the charge, %
Kach. GOK concentrate 89.3 87.8 86.7
Limestone 10.7 9.2 8.3
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Continuation of table 1.2

Indicators Sin‘Fering series

basic 3 % IBF 5 % IBF
Borate flux 0 3 5
C 3.6 3.6 3.6
Return 40 40 40
Charge humidity, % 7.1 7.0 7.2
OTA)he content of S in the charge, 0.077 0.09 0.13
Specific productivity, t/m2-h 0.782 1.296 1.332
Suitable output (+5 mm), % 66.6 81.1 83.8
Composition of agglomerate, %
Fe 56.9 56.5 56.3
FeO 13.9 14.1 16.6
S 0.03 0.02 0.02
CaO 7.22 6.88 6.9
Si0, 5.47 5.07 5.05
V105 0.44 0.5 0.54
Ti0, 1.74 1.75 1.82
B,Os - 1.14 1.58
CaO/Si0; 1.32 1.36 1.37
Removal rate S, % 60.54 83.8 91.17
Strength 55.0 68.5 69.1
Abradability 9.5 6.2 6.1

However, the implementation of industrial approbation of this technology
directly on the Kachkanar GOK was difficult in terms of organizational-technical
reasons, and the study of the high temperature properties of the agglomerate and the
obtained melts showed the irrationality and unreasonableness of such a high
consumption of boron compounds.

In this connection, the possibility of producing boron agglomerate on a regular
Lebyazhinsky agglomerate load for subsequent use as an additive in titanium
magnetite smelting was raised. The principal possibility of producing boron
agglomerate was identified by laboratory sintering. As a result of these studies it has
been determined (Table. 1.3) that when added 3 - 5% of borato flux (with a content
of B,O3 16%) to the usual planned charge of Lebyazhinsky agglomerate results from
the lumbar agglomerate containing ~ 0.2% B,0Os3, and about 25% of the boron
evaporates with process gases. In the agglomerate the mass fraction of iron decreases
by ~ 0.4%, the unit specific performance does not change, the strength
characteristics of the agglomerate slightly improve, the solid fuel consumption
decreases by 3 - 4 kg/t agglomerate.
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In the course of the industrial experiment, just under 11.000 tonnes of
agglomerate were produced with an average B,O3 content of 0.4%. Borato ore was
fed to the charge as a mixture with limestone in a ratio of 1:2 and after grinding to a
fraction of 0 - 3 mm. The share of borato ore in the flux mixture was 23%, and the
mixture contained 2.75% B,0Os and 47.5% CaO.

Table 1.3 - Results of laboratory sintering of Lebyazhinsky sinter with the
addition of Inder borate flux (IBF)

Indicators SinFering series

basic | 3% IBF | 5% IBF
Composition of the charge, %
Borate flux 0 3 5
C 3.0 2.8 2.5
OTA)he content of S in the charge, 0.917 1,295 1.63
Specific productivity, t/m?-h 1.297 1.267 1.316
Suitable output (+5 mm), % 82.2 86.8 85.6
Composition of agglomerate, %
Fe 54.4 53.9 53.6
FeO 15.9 16.8 13.8
S 0.09 0.14 0.15
CaO 11.0 11.41 11.64
Si0» 9.62 9.5 9.2
B,0; 0.01 0.16 0.25
Ca0/Si0, 1.32 1.36 1.37
Removal rate S, % 91.6 91.1 92.1
Strength 64.1 65.9 65.7

The production of the experimental agglomerate (Table. 1.4) was
characterized by a significant increase in the current downtime (due to the high
humidity of the fluxes), a reduction in the solid fuel consumption by 3.3 kg/t of the
agglomerate. The balance sheet shows the volatilization of boron to 30% of its
arrival. The specific performance of agglomerates remained virtually unchanged and
the agglomerate met the requirements (for a conventional agglomerate).

Table 1.4 — Sintering indicators of the first experimental batch of boron-
containing agglomerate

Agglomerate quantity, t | 10786.7
Composition of the charge, %

MOF concentrate 33.0
Aglorood mixture 49.6
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Continuation of table 1.4

Dust 2.2
Limestone 11.7
Borate flux 3.5
Solid fuel consumption, kg/t 60.1
Speed of agolo machines, m/min 3.4
Specific productivity, t/m*-h 1.389
Current downtime, % 22.5
Agglomerate composition, %

Fe 53.04
FeO 12.9
S 0.089
CaO 11.03
Si0, 10.59
B,0; 0.39
CaO/Si0, 1.04
Detail content 5-0 mm, % 8.5
Strength 60.6
Abradability 6.8

The resulting agglomerate was used as an additive (~ 2%) to the main charge
of the NTMK blast furnace No. 1 smelting vanadium cast iron. This made it possible
to achieve a reduction in coke consumption by 6 kg / ton of cast iron, increase the
vanadium recovery rate by 5%, and reduce metal losses with slag by 4 times. There
was also an improvement in the furnace stroke and the quality of cast iron in terms
of sulfur content [39].

These results were a prerequisite for repeated industrial tests, during which
about 11.000 tons of boron—containing Lebyazhinsky agglomerate were also
produced (with an average B,O3 content of 0.44%), and the resulting agglomerate
was used as an additive already on all blast furnaces smelting vanadium cast iron.
Comparison of technological indicators (Table 1.5) the production of boron-
containing and conventional agglomerate showed that there were no significant
changes in the process parameters in this case: specific productivity, current
downtime and strength remained at the same level. The content of fines in the
agglomerate has noticeably decreased, but at the same time the sulfur content has
increased in it. A decrease in solid fuel consumption (by 3.6 kg/ton of agglomerate)
and boron loss in the gas phase in the amount of 25-30% was confirmed.

Table 1.5 - Comparison of agglomerate production

Indicators Agglomerate .
borate ordinary
Agglomerate quantity, t 10 972.8 226 132
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Continuation of table 1.5

Indicators Agglomerate .
borate | ordinary
Composition of the charge, %
MOF concentrate 39.2 37.0
Aglorood mixture 43.0 46.7
Dust 1.7 2.3
Limestone 8.1 14
Borate flux 8.0 -
Solid fuel consumption, kg/t 67.0 70.6
Speed of agolo machines, m/min 3.2 3.1
Specific productivity, t/m2-h 1.315 1.306
Agglomerate composition, %
Fe total 53.82 53.87
FeO 13.5 12.95
S 0.096 0.071
CaO 9.92 11.72
Si0, 8.62 9.36
B,0; 0.39 -
Ca0/SiO, 1.151 1.252
Detail content 5-0 mm, % 5.5 8.3
Strength 57.6 58.4
Abradability 6.2 6.2

The involvement of vanadium furnaces in the blast furnace charge up to 5%
of boron-containing Lebyazhinsky agglomerate significantly improved the melting
performance (Table 1.6): coke consumption decreased by 2.4 kg / ton of cast iron,
metal losses with slag decreased by 2 times, the vanadium extraction coefficient
increased by 0.6%. The sulfur distribution coefficient and the degree of carbon
monoxide use were also improved, respectively, by 1.0% and 0.3%. An increase in
the mass fraction of titanium compounds in slags was noted, which is a consequence
of the inhibition of coal formation in the blast furnace.

The conducted studies have shown the effectiveness of the use of boron-
containing additives in the blast furnace melting of titanomagnetites. At the same
time, the sufficiency of boron oxide content in blast furnace slags providing a
B»03/Ti0; ratio of 0.01 was determined. However, the geopolitical changes that
have taken place, the decrease in the reserves of raw materials of the Indeborskoye
deposit, the negative properties of borate flux — high sulfur and moisture content, as
well as significant transportation costs did not allow the developed technology to be
put into permanent practice. But this prompted the search for a replacement for
natural boron-containing material.

In this regard, studies were conducted on the possibility of attracting waste
from the production of boron-containing glass into the agglomeration charge of the
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Kachkanar GOK on the indicators of the agglomeration process. It is known that the
introduction of mineral fiber and even glass in small quantities into the charge for
the production of dipped iron ore raw materials increases the strength and accelerates
the process.

Table 1.6 - Technical and economic indicators of the work of the blast-furnace
vanadium conversion without the involvement of (basic) and with the involvement
of (experimental) boron-containing Lebyazhinsky agglomerate

Indicator name Periods

Basic experienced
Cast iron production, t/d 8 985 8 993
Coke consumption (dry), kg/t of cast iron | 450.7 448.3
Consumption of ore raw materials, kg/t of | 1676.3 1668.0
cast iron
Consumption of iron, kg/t of cast iron 969.9 967.1
Consumption of natural gas, m*/t of cast | 91.4 90
iron
Mass fraction of Fe in the charge, % 57.86 57.98
Extraction coefficient V, % 80.6 81.2
Ls 30 31
The degree of use of CO, % 45.2 45.5

The research used waste from the production of "Glass Fiber" (Polotsk), the
following chemical composition (%): 10.5 B2Os; 16.5 CaO; 49.2 SiO;; 4.6 MgO:;
13.5 ALLO3; w.r. and S — traces. The annual generation of aluminum-borosilicate
fiber waste in the industry significantly exceeds the needs of the blast-furnace
vanadium conversion in Russia (NTMK and Chusovskaya Metallurgical Plant). At
the same time, the criterion of optimality of the concentration of boron in the charge
of blast furnace vanadium smelting found when working with boron-containing ore
is similar for the case of using aluminum borosilicate fiber waste [45-46].

The iron ore part of the charge consisted of 100% Kachkanar concentrate. The
content of coke fines and return was constant and was equal to 4 and 35% of the
total mass of the dry charge, respectively. The amount of glass added, pre-crushed
in a ball mill, was 0.5 and 1.0%, which provides the required ratio of boron oxide to
titanium dioxide in the slag of the blast furnace during the smelting of vanadium cast
iron.

The data on the sintering results (Table 1.7) show that the introduction of
boron-containing glass additives in such small quantities increases the yield and
productivity of the sintering plant, and the first portions of the added glass have the
greatest effect. The strength of the agglomerate increases according to GOST 15137
in terms of X; by 4.7 and 2.6% in the presence of 0.5 and 1% fiberglass in the charge,

20



respectively, and the abrasion index decreases as the additive consumption increases
by 2.7%.

Table 1.7 - Sintering results

Indicators Consumption of fiberglass in the

charge, %
0 0.5 1.0

Initial vacuum, kPa 8.01 8.20 8.48

Final vacuum, kPa 6.20 5.10 4.60

Suitable output (+ 5 mm),% 66.5 78.3 77.2

Strength according to GOST15137, %:

X 64.2 68.9 66.8

X2 7.4 5.7 4.6

To determine the cause of such a positive effect on the agglomeration process,
the glass fiber suspension was subjected to a thermal study on a derivatograph (Fig.
1.1).
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Figure 1.1 - Thermoderivatogram of boron-containing glass fiber

Analysis of thermoderivatograms shows that the transition of glass fiber from
a solid to a ductile-viscous state occurs already at a temperature of about 800 °C, and
at a temperature above 1000 °C, a sufficiently liquid-mobile melt is formed.

Therefore, the mechanism of action of glass fiber in the process of
agglomeration is to intensify the formation of sinter melt and reduce its viscosity.
The development of the melt contributes to the solubility of the charge minerals, a
deeper passage of physico-chemical sintering processes and the formation of a
uniform macro- and microstructure of the agglomerate, which ultimately determines
its strength. It is also known that with the greater development of the melt, the
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processes of isomorphic substitutions take place more intensively in magnetite,
leading to an increase in Mg, Al and Ti in its composition [52-54].

Analysis of softening curves shows that the temperature of the beginning of
softening with boron-containing glass additives not only does not decrease, but also
increases markedly. This is explained, as mentioned above, by the more uniform
structure of the agglomerate. The porosity and reducibility of the agglomerate with
the addition of 0.5% fiber is slightly lower than the base agglomerate, which is due
to a more fused structure. Of interest is a noticeable increase in porosity and
recoverability with a consumption of fiberglass in the charge of 1%. It is
characteristic that similar data were obtained with the addition of the same amount
of window glass.

In the future, porosity according to GOST 26293, reducibility and soften
ability of the obtained agglomerates were studied according to the MISIS methods.
The results of these studies are shown in Table 1.8.

Table 1.8 - Characteristics of agglomerates

Material Content in the | Softening Poros | Recovera
agglomerate, % start ity, % | bility, %
B,O; |FeO |S temperature,
°C

Agglomerate without - 16.8 [ 0.03 | 970 33.02 | 72.1

additives

Agglomerate with

0.5% glass  fiber | 0.06 |13.8 |[0.02 | 1025 292 |71.0

additive

Agglomerate with 1.0

% glass fiber additive | 0.1 | 11.7 [0.02]990 35.72 1 79.9

The mass fraction of S and FeO decreases in the agglomerate, since an
increase in the development of the melt facilitates the transport of oxygen for the
formation of hematite and sulfur dioxide. When calculating the boron balance, it was
found that when boron-containing glass is introduced into the sinter, boron oxide, in
this case, does not evaporate and completely passes into the agglomerate.

It should be noted that as the content of borosilicate fiber in the charge
increases further, the agglomeration process indicators decrease. This is due to the
deterioration of the lumpiness of the charge, since the glass is practically not wetted
with water, and an increase in the gas-dynamic resistance of the layer due to an
excessive amount of melt. Therefore, there is a critical consumption of fiberglass in
the charge, above which the technical and economic indicators of the agglomerate
become lower than when sintering without additives. However, in these studies, the
task was not to determine the optimal consumption of boron-containing fiber in the
charge, and the use of these amounts of additives to ensure the required ratio of

22



B,0s/Ti0; 1s very effective, and the decrease in iron content in the agglomerate is
insignificant and can be compensated by a decrease in basicity.

As a result of these stages of research, the following has been established. The
use of boron-containing additives in agglomeration and blast furnace melting of
titanomagnetites can significantly increase the efficiency of end-to-end processing
while improving the quality of products, reduce total energy consumption by 200
kJ/ton of cast iron. It is most rational to use aluminum borosilicate fiber waste in an
amount of up to 1% as a boron-containing additive to the titanomagnetite
agglomeration charge, which makes it possible to simultaneously dispose of these
wastes and reduce emissions of sulfur dioxide and boron compounds into the
atmosphere. The effect of introducing boron-containing agglomerate
titanomagnetites into the blast furnace charge is investigated. Industrial testing of
this technology has shown that as a result of reducing the viscosity of slag, cast iron
losses are reduced. This event should be considered promising with an increase in
the concentration of titanium in ore raw materials.

Technological difficulties of blast furnace melting of titanomagnetites are
associated with the formation of refractory titanium compounds, which worsen the
drainage ability of the furnace. Despite the systematic improvement of smelting
technology and improvement of the quality of iron ore raw materials, the intensity
of the slag regime does not weaken and even increases. This is due, in particular, to
a deeper enrichment of titanomagnetites, which, along with an increase in the iron
content, leads to an increase in the concentration of titanium dioxide and alumina in
iron ore raw materials and, even more, in slags. The presence of these components
in slag melts significantly increases their heterogeneity and, consequently, their
apparent viscosity, which, in turn, increases metal losses at the outlets and, in
general, reduces the technical and economic indicators of production. Therefore, the
reserve of efficiency of processing of titanomagnetites is largely associated with the
improvement of the slag regime. The latter can be achieved by using slag-liquefying
additives and suppressing the formation of titanium carbonitrides.

An interesting idea of extracting iron from polymetallic ores, including
titanium, is used in the Australian patent [50]. According to it, titanium-containing
polymetallic ores are reduced to a temperature of 1000-1400 ° C, under conditions
of preserving their original shape and non-melting, forming the necessary metal
layer, up to coagulation of reduced iron particles. In this case, free oxides of rocks
containing titanium oxides coagulate in the molten state and form an inner core. The
separation of metal from iron and titanium is achieved by grinding and magnetic
separation.

Conclusion on the first chapter, purpose and objectives of the study

It should be noted that during the two-stage processing of ilmenite and
titanomagnetite concentrates, there are many ways to pre-extract iron. In addition, it
should be noted that many methods are not used in industry, while others are used

23



on a very limited scale. One of the main reasons for this is the use of processes and
installations for the extraction of iron, titanium and other components from a special
("multicomponent") raw materials. On the one hand, due to the reduction of such
raw materials, on the other hand, due to the growing demand for metals, there is an
increasing need for the introduction of polymetallic ores into the industry and the
development of methods for their processing.

Disadvantages:

- The mechanism of reduction of difficult-to-reduce metals is not fully
considered and studied in the technical literature;

-The technology of obtaining alloy steel directly from hard-to-process
titanium-magnetite and ilmenite ores is not approved.

To solve these problems, the following tasks were set in the dissertation work:

- preparation of laboratory samples from multicomponent oxide materials;

- calculation of stoichiometric consumption of solid carbon for the reduction
of metal oxides;

- preparation of special samples of ore-coal mixture required for the process
of direct reduction of metals and obtaining metallized materials from them,;

- development of technology of laboratory reduction and melting of
multicomponent concentrates, preparation and testing of laboratory melting units.
Analysis of the obtained research results.
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2 Methodology of practical research
2.1 Description of the components used

Complex ilmenite (Satpayev field) and titanium-magnetite concentrates, as
well as agglomeration process wastes (okalina) were used for the organization and
implementation of experimental research. In addition to iron oxides, the complex
ore contains alloys of manganese, chromium, vanadium, titanium metals, which
have a higher chemical bond strength than iron oxides. Therefore, the method of
reduction processes is directly related to the choice of reduction reagents and the
mechanism of the reaction.

In the modern educational and scientific literature, the mechanism of the
reduction process is explained in terms of the adsorption-autocatalytic mechanism
based on the adsorption of CO, H» by gas reducing agents [56,57]. According to this
mechanism, the role of solid carbon is not taken into account, as only the contact-
diffusion interaction i1s observed. However, as we know, the above-mentioned
difficult-to-reduce oxides are not significantly reduced due to the lack of reduction
potentials with CO and H, gases. This indicates the impossibility of using the
adsorption-autocatalytic mechanism in the reduction of complex ores.

The possibility of the interaction of carbon with metal oxides has been
identified in practice and a new '"dissociation-adsorption mechanism" of metal
reduction has been proposed. The study of the mechanism and kinetics of difficult-
to-reduce metals is a very complex and topical issue [59].

A number of experimental studies conducted for the direct reduction of metals
used the method of interaction of dissolved carbon in the oxide system. And taking
into account the high reduction potential of free and dissolved carbon, the method
of experimental research is based on the organization of direct reduction of iron and
associated difficult reduction metals in complex titanium-magnetite raw materials.

The chemical composition of the charge components used in experimental
studies is given in Table 2.1.

As can be seen, the main oxide in Satpayev concentrate is TiO;. Iron
concentration 32.53% consists of two oxides Fe;O3= 26.67% and FeO = 16.5%.
Oxides of iron, manganese, vanadium, titanium and chromium are reduced by solid
carbon and converted into metal, which contributes to improving the quality of the
molten metal.

Along with alloys of alloying metals - MnO, Cr;03, V20s, high chemical
strength of titanium oxide TiO, remains a big problem in these complex raw material
resources. This is due to the fact that the alloys of alloying metals have a very high
chemical strength TiO,. If the lower iron oxide FeO is well reduced by CO gas and
solid carbon at a temperature of 1000-1200 K, then the oxides of MnO, Cr,03, V20s,
Ti0; can not be reduced very effectively by CO gas, and by solid carbon are reduced
at very high temperatures.

According to the chemical strength of oxides, the reduction of individual
oxides with solid carbon takes place at different temperatures. Among these oxides,
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TiO, has a special place in the organization of reduction processes. Titanium
reduction begins only at a temperature of 1250 °C. Such a difference between the
temperature level of these metals and the kinetics of direct reduction causes certain
problems in the processing of titanium-magnetite concentrates. However, to some
extent, the solution can be achieved by increasing its activity by adjusting the state
of solid carbon at the entrance to the described system and a defined approach to the
direct reduction of titanium, taking into account the solubility of titanium in metal.

Preparation of dispersed ore is not only theoretically based, but also based on
the methods of experimental research on the organization of reduction and melting
processes.

2.2 Theoretical bases of charge preparation

Satpayev ilmenite concentrate and Arcelor Mittal Temirtau okalina were used
as components of the initial charge. They consist mainly of Fe, Mn, Cr, V and Ti
oxides.

The amount of oxygen gaseous from reduced metal oxides was determined by
the principle of sequential phase transformation of the chemical composition of
concentrates [59].

The concentrates are pre-ground to a fraction of ~ 0.074 mm and their
chemical composition determines the amount and phase distribution of oxygen
gasified in the charge. At the same time, attention is paid primarily to the gasification
of oxygen from higher oxides, such as Fe>Os - to FeO, MnO; - to MnO, V,0s - to
V1,03, TiO; - to Ti,O3. Oxidation of oxygen to Cr,Os- Cr, V,0s- V and TiO; - Ti
takes place at the final stage of the process.

As a reduction reagent, charcoal or granulated cast iron (depending on the
amount of dissolved carbon in the cast iron) is added in a stoichiometric ratio to
reduce them from oxides of Fe, Mn, Cr, V and Ti.

2.3 Used laboratory facilities and equipment

To obtain the components of the crushed charge. A laboratory electric vibrator
was used to obtain the crushed materials (Figure 2.1). The charge components were
crushed individually to a fraction of ~ 0.074 mm.

Extraction of charge components. According to the chemical composition of
the charge components, the amount of oxygenated gas during reduction and the
consumption of reduction reagents per unit of oxide components - charcoal and
granulated cast iron.

At the same time, during direct reduction, attention is paid to the fact that the
oxides of oxygen, such as Fe;O3 — Femet, MnO2- MnO, V,05 - V,03, TiOz- Ti,03,
are gassed first. Oxidation of oxygen from Cr,O3 - Cr, V203 - V and Ti0; - Ti oxides
takes place at the final stage of the process. From the balance of gaseous oxygen
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oxide charge and charcoal and 1-2.0 mm fr. The mass ratio of the reduction reagent
in the form of granular cast iron was determined. The charge mixture is prepared
according to the given ratios.

Production of metallized products. The mixture of charge materials is
introduced into a hermetic test chamber made of quartz tube with a diameter of 30
mm. The cell is installed in the SUOL-044 12-M2 tubular electric furnace shown in
Figure 2.3. As the system heats up, a solid phase reduction product - gas - is released
from a temperature of 700 ° C. The release and composition of the gas mixture
containing CO, and CO is monitored by gas meters and gas analyzers.

Figure 2.1 — Laboratory grinder Figure 2.2 — Disc granulator

Figure 2.3 — SUOL-044 12-M2 tubular Figure 2.4 — Gas analyzer KGA 1-1
electric furnace
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Figure 2.5 — High temperature tubular furnace

A new three-dimensional research method - 3D was used for a more reliable
quantitative and qualitative assessment of the degree of metal contamination by non-
metallic inclusions.

Figure 2.6 - Device for the
detection of non-metallic impurities by Figure 2.7 - SEM S-3700N
electrolytic extraction

We investigate the compounds (metal and non-metallic) isolated on the
surface of membrane film filters with the help of S-3700N brand SAM, connected

to the computer.

Conclusion on the second chapter

- In order to achieve the objectives set for the production of complex charge,
the fine concentrate Satpayev ilmenite, rolling scale Arcellor Mittal Temirtau, as
well as charcoal as reducing agents are used;
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- The mixture of carbon raw material is produced by mixing the calculated
mass quantity of the specified components of the charge;

- Chemical and mineralogical samples of products obtained during the
metallization and smelting of coal-ore loads shall be carried out in accredited
laboratories and on certified devices;

- Theoretical research and determination of stoichiometric amounts of carbon
spent on iron oxides, manganese, chromium, titanium, vanadium is based on the
theory of the Doctor of Technical Sciences, Academician S. M. Tleugabulov on
reduction of metal oxides in the solid phase;

- It 1s proposed to carry out the process of metallization in the reduction
atmosphere for the production of metallized material from titanium-magnetite and
ilmenite ores of complex processing;

- Metallized product sample reduction - the melting process is carried out in
the High temperature tubular furnace.
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3 Full charge calculation, material and thermal balance reduction-
melting process

Laboratory studies on involvement in the processing of titanium magnetite
ores were conducted. The table shows the chemical composition of the studied

concentrates:

Table 2.1 - The chemical composition of the charge components

Names of Chemical composition ,%

materials - -
Fe FeO Mn | SiO, | CaO | MgO | V,0s | TiO, | Cr,O5 | Al,Os | P S C

W.T.

Satpayev 32.53 16.54 | 0.7* | 5.80 0.50 | 0.33 0.22 |49.65 | 0.27 1.25 0.005**
ilmenite
concentrate

7.73

Arcelor- 67.65 28.25 [ 0.23 | - - - - - 0.51 - - 0.017
Mittal
rolling scale

Charcoal** | - - - 0.48 - - - - - 0.12 - 0.06 98.
* 0

Notes:
*- MnO;
#%_P,0s;
***_ other ash A°=1,34.

Determine the concentrations of high metal oxides- Fe:

In the process of reducing firing, metallization and melting of the charge, the
oxygen of the following oxides is gasified:

F€203—>F€304—> FGO;

MnOz—>Mn203—>Mn304—>MnO;

V205—>V203—>VO;

TiOz —>Ti203;

CI’203—>CI’304—>CI’O.

Oxygen purified oxides are gasified with a solid CO, and CO. The CO, and
CO ratio in the existing gas will be related to the oxides recovery stage and the
temperature of the process. In the context of renewable energy sources in relation to
each metal, it is possible to predict their restoration or restoration. Pressure, step
strength of the nre=0.999; nyn=0.80%; ny=0.90. In addition to these metals, silicon
is partially reduced depending on the excess carbon and temperature. Therefore, the
amount of carbonated oxygen of silicon oxide may not be accounted for or taken
into account at an expected metal concentration of 0.18-0.3%.

Determination of gasifiable oxygen of charge

1 Recovery of iron. First of all, we will estimate the ratio of higher and lower
oxides according to the average composition of the ore part of the charge. Data on
total iron concentration Fe=50.4% and iron oxide FeO=23.28% allow a clear
estimate of the amount of oxygen bound in FeO and Fe;0s.

Fe,;= Fe-0.777Fe0=50.4-0.777-23,28=32.31%
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Further on the methodology we determine the amount of gasified oxygen by
the stages of recovery.

Fe;03—Fe;04; AC; = 1020.4285 - Fe; - 0.111 = 0.0476-102-32.31 = 0.0154
kg/kg of charge

Fe;04— FeO; A0, =102-0.4285 - Fey - 0.222 = 0.0951-102-32.31 = 0.0307
kg/kg of charge

The incomplete iron remains as FeO and can be counted at the last step
multiplied by the corresponding value of the assimilation degree, i.e.

FeO—Fe; AO; =102np(0.42850.667 Fe; +0.222 FeO)= 102-0.999
-(0.2858-32.31 +0.222-23.28) =1072-0.999 (9.23+5.17)=0.144 kg/kg of charge

Total oxygen gasified during iron recovery:

AO ge= AO+ AO+ AO5=0.0154+0.0307+0.144=0.1901 kg/kg of charge

2 Recovery of manganese. In the initial charge of all manganese Mn=0,48%

AOmn=10%-Mn[0.1455(1- Qmn)+0.2908 npn)] = 102-0.48(0.1455 - 0.548 +
0.23264=0.0015 kg/kg of charge

The amount of gasified oxygen during the reduction of manganese is
distributed by steps in the following order.

4Mn02—>2Mn203 + 02

AO; vn=0.632-102-QpnMn= 0.632:102- 0.217= 0.0014 kg/kg of charge;

6Mny,03;—4Mnz04+0,

AO2vn=0.111-AO'Mn=0.00016 kg/kg of charge;

2Mn;04—6Mn0O +0O,

AO3 vin= 0.222-A0'Mn=0.00033 kg/kg of charge;

2MnO—2Mn +0O,

AO4vin=0.667-A0'vn=0.0010 kg/kg of charge.

Total oxygen gasified during manganese reduction:

AO'Mu=AO MntAO2 MntAO3 MntAO4 Mp=0.0014 +0.00016 +0.00033 +0.0010
=0.00289 kg/kg of charge.

3 Recovery of vanadium. All vanadium in the initial charge is in the form of
V1,0s. The degree of oxidation of vanadium according to equation € v=0. Then

AO'v=102-V[0.4705- ny -0.1568(1- Q)] = 102:0.061 (0.174 — 0.1568) =
=0.0018 kg/kg of charge.

The amount of gasified oxygen during vanadium recovery will be distributed
in the following order.

V205—V,0;  AO v =102:0.3137-A0'v=0.00056 kg/kg of charge;

V20;—VO  AOay = 102:0.1568-A0"v= 0.00028 kg/kg of charge;
VO—-V AO3v=102-0.3137-A0'ynv=0.00208 kg/kg of charge.
Total oxygen gasified during vanadium reduction:

AO'v = AO; v+AO; v+AO3 v=0.00056+0.0028+0.00208=0.00293 kg/kg of
charge.
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4 Recovery of chromium. In the initial charge of Cr,O3; chromium oxide =
2.7%, of which in the form of Cr is:
Cr=0.684- Cr;03 =0.684-2.7 = 1.84 %.
Next, we determine the amount of gasified oxygen by the reduction steps:
Cr,05—Cr;04:  AOic; =102:0.4615-0.111-AO'¢;=102- 0.4615 -0.111-1.84=
=0.00094 kg/kg of charge;
Cr;04—CrO:  AOy ¢ =102:0.4615:0.222:A0'=102-0.4615-0.222-1.84=
=0.0019 kg/kg of charge;
CrO—Cr: AO3 ¢ =102:0.4615:0.667-A0'=102-0.4615-0.667-1.84=
=0.0057 kg/kg of charge.

Total oxygen gasified during vanadium reduction:

AO'c: = AO; ¢rFAO;7 o +AO3 —=0.00094+0.0019+0.0057= 0.00854 kg/kg of
charge.

5 Recovery of silicon and titanium. In ore materials, titanium and silicon are
found as TiO; and SiO; respectively, the oxygen content of titanium oxides and
silicon is calculated at 0.10-0.3% of its expected concentration in metal:

AO's;=[Si]-102-e,-1.1428= 0.9-102-1.428=0.0077 kg/kg of charge.

AO'r; = [Ti]-102-€,+0.667=0.4-102-49.69-0.3= 0.0059 kg/kg of charge.

Total amount of gasified oxygen:

AO=0.1901+0.00289 +0.00293+0.0077 +0.00854 + 0.0059 =0.218 kg/kg of

charge.

Determination of carbon consumption as a reducing agent

Since the formation of CO; and CO depends on the degree of reduction of
oxides and temperature, first of all it is necessary to set the reduction mode, select
the process temperature. The process of reducing iron is completely completed at
1100 ° C, manganese and vanadium — at 1300-1400 ° C. However, the higher oxides
of manganese and vanadium are quite intensively reduced at 1000-1100 ° C, i.e. in
the temperature range of iron reduction. Therefore, to determine the flow rate, we
will use the table where the ratios of CO, and CO for iron, manganese, chromium,
titanium and vanadium oxides are presented.

Carbon consumption for iron recovery

We determine the oxygen distribution coefficients at 1100 °© C according to
the equations.

F6203_>Fe304; Y01:O.974; Y02:0.974;

Fe3O4_> FGO; Y01:O.70; Y02:0.974;

FGO_> Fe; Y01:O.70; Y02:0.974.

By the equation for iron:

g’cre= 0.75-FA0;(1-0,5y01 2) = 0.75 (0.0079+0.019+0.1152) = 0.1421-0.75 =
=0.106 kg/kg of charge.

For recovery chromium:
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g'c.c=0.75(0.00094-0.51+0.64-0.0019+0.0057) =0.104+0.024 =0.0734 kg/kg
of charge.

For recovery vanadium:

g'c.v=0,75-Z[AOiv-(1-0,5 yov):1]=0.0002745 kg/kg of charge.

For recovery manganese:

g’c. Mn =0.75[0.0014 -0.5 + 0.00016(1-0.5-0.888) +0.00033(1-0.5-0.57) +
0.0010- 0.5= kg/kg of charge.

For recovery titanium:

g’c. 11 =0.75(0.0059 -0.655) =0.021 kg/kg of charge.

For recovery silicon:

g'c.si=0.75-A0 ;=0.75-0.0077=0.0057 kg/kg of charge.

Total carbon reagent consumption,

g'c=g'cretg e g cmi gevtgcsit g'cor =0.228 kg/kg of charge.

This amount of carbon is supplied in the form of a coke trim, in which the
carbon content is 85% and the iron in the form of oxides is 1.24%. To recover the
own iron is used part of the carbon. In this way the effective carbon concentration in
the coke breeze will be reduced to the Cer level, the value of which is determined by
the formula,

Cer=C-0.75- Fe[0.1426(1- Qre)*+0.286(0.5 yoi+ Yo2)] = 84.97%.

With the carbon content adjustment, we determine the consumption of coke
residue —reagent,

g'=g'./102C=0.228/0.8497=0.26 kg/kg of charge.

Determination of output metal

The main components of the metal are Fe, Mn, V, Si. However, before the
melt is obtained, the composition of the metallized product is formed. The MP output
is easily determined by the mass loss and the formula

Lamp=1-0.2255-0.0351=0.7394 kg/kg of charge.

If the final product is MP, then further calculation of the material and thermal
balances can be carried out by 1 kg of MP.

In this case, the task is to obtain a metal melt. Therefore, the calculation is
carried out further.

1"g=10"2" (2.35-0.014+2.6+0.32+0.087+0.123+0.3+0.007+0.019+0.06 )= -
1.18-102kg/kg of charge.

This amount of slag is in MP. Then output of the metal is:

1"yv=0.7394+0.0118=0.7512 kg/kg of charge.

The amount of metal and slag increases due to the ash of coke fines-reagent:

A1"=102%Fe g nre=102-0.99-0.106-0.26=0.00027 kg/kg of charge.

A1y =103 Ax g-1.4285-0",= 103-12.97-0.26-1.4285-0.00027=0.032 kg/kg
of charge.

Corrected metal output:

1'y=1"py+ A 1", =0.7512+0.00027=0.751 kg/kg of charge.
Slag output:
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I'g=1"g+ A1"g=-0.0118+0.032=0.0202 kg/kg of charge.
Consumption indicators are recalculated per unit of metal.
Consumption of the ore part of the charge:
P=1/1",=1/0.751=1.33 kg/kg of metal.
Consumption of coke fines —reagent:
K,=0.26/0.751=0.34 kg/kg of metal.
Slag output:
A 1g=1'¢/1'v=0.0202/0.751=0.026
Volumetric gas output:
Vep=1.866-102-C-K,=1.866-1072-85-0.34=0.53 m’/kg of metal.

To determine the mass amount of gas, it is necessary to calculate the
component output. To calculate, use the formulas:

0co2=0,7¢go.i* Yo1i=0.7-1.33(0.0154:0.974 + 0.0307-0.7096+ 0.144-0.40 +
+0.00019-0.974 +0.000095-0.4 +0.00017-1+0.045-0.974+0.039-0.7096 = 0.19
m’/kg of metal.

vco=1,4-P(AO;- yo1;)=1.4-1.33(0.0154-0.026 + 0.0307-:0.2904 + 0.144-0.6+
0.00019-1+0.000095-0.112+0.00017-0.434+0.04176-1+0.0057-1 + 0.0453-0.2904+
+0.039-0.6 =0.33 m*/kg of metal.

The sum of CO; and CO corresponds to V¢,
vco2 + vco=0.33+0.19=0.52 m*/kg of metal.
Volatiles turn into gas RO = COa,. In terms of volume will be
UL co2=P-22,4/44-g"1=22.4/44-0.035-1.33=0.023 m’/kg of metal.
Total amount of gas
V':=0.52+0.023=0.543 m’/kg.

Gas composition, %:

C0O,=(0.19+0.023)-100/ V',
C0,=(0.19+0.023)-100/0.543=39.2
CO =0.33-100/0.543=60.7

Specific mass of gas:

V'=102/22.4(44- CO,+28+ CO) = 102/22.4(44- 39.2+28-60.7)=1.528

Mass gas output:

Ge=V'g Y '¢=0.543-1.528 = 0.82 kg/kg of metal.

Heating of the system, reduction of metals with solid carbon, melting and
overheating of the charge are accompanied by heat absorption. To provide the
system with thermal energy, it is necessary to burn fuel. Such fuel is mainly coke,
the consumption of which is determined sequentially according to the articles of the
thermal balance. After determining the fuel consumption and flux for fluxing the
charge and fuel ash, it will be possible to summarize the material and thermal
balance of the process.

Material and thermal balance of melting

At the end of the metallization process we have:

a) metallized product

b) a gaseous product of reducing reactions.
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The heat consumption for heating the charge is equal to the sum of the heat
content of the gas at the outlet and the metallized product before melting.

The grate gas at the outlet of the furnace has a temperature of 250 ° C.

The heat capacity of CO, and CO gases at this temperature according to
reference data: with cco,=1,825; cco =1.311 kJ/m3-deg

Heat content of the gas

qe=102" Vgt * (ccoa- COxt+ ccor CO) =102 0.543-250 - (1.825-39.2+
+1.311-60.7) = 152 klJ/kg

The heat content of the metallized product at ty, = 1500 °C; cm=0.965;

Qup = I'mt/I'm * Cm1* tmi=0.7394/0.751-0.965-1500=1425 kJ/kg of metal.

Heat consumption for heating the system:

Qn=qg+ qmp=152+1425=1577 kJ/kg of metal.

Heat consumption for melting and overheating of the melt:

Qmi=[(377+ cq- At) 141326+ ¢ At]=(377+1.34-150)-0.026+326+0.76-150=
=455kJ

Heat consumption for endothermic reactions:

Qen=1.33[0.0154(0.974-1436+0.026-6882) +0.0307(0.7096-6775+0.2904 -
- 1215 +0.144-(0.4-4550+0.6-9925)- 0.00019-1-7750- 0.000095(0.88-3460 -
0.112-1940 + 0.00017(0.57-1960+0.43-7360) +0.045(0+17300)+0.039(0.7096 -
- 2120-0.2904 -3270)] =2197 kl/kg of metal.

Total heat consumption:

Q=0QntQsi+Qen=1577+455+2197=4229 kJ/kg of metal.

The effective calorific value of the fuel, taking into account the smelting of
slag from ash and the decomposition of limestone:

Qer=Qx-102-A[Cash-t +1072-B- SiOx(Clime’ t + q)]=9800-0.13(2144-+118)=9505
kJ/kg

The following amount of blast is consumed for burning 1 kg of coke

=102 ¢ /0.536(2ro+¢)=0.85/0.536(2-0.21+0.025)=3.56 m’/kg,

where 19, @ are the volume fractions of oxygen and moisture in the blast.

Blowing heat saves heat in the furnace.

Blowing heat:

Iy=cp" t,=1.46-800=1168kJ/m> blow.
Considering the heat content of the blast determine the consumption of coke-

fuel:

& 4229
K= _— =0.35
Qef-r[+0-1 0.86'9505+3.56:1168

Coke in the form of fuel 0.463 kg and in the form of a reagent 0.2604 kg
produces ash in a quantity in which the content of S10,=52% and CaO =2.23%.

Determine the consumption of limestone for coke ash and slag-forming ore
part of the charge:

2RO g DR E00)3.325+78.82=1.57 kg/kg of metal.
Coke-fuel ash and the residue from the decomposition of limestone

are additionally part of the slag:

35



Alg=102-A-0.35+0.58-1.57=0.9556 kg/kg of metal.
Then the total output of slag will be:
L=0.026+0.9556=0.9816 kg/kg of metal.
Burning this amount of coke produces the following amount of gas:
v=K: v(I+r+¢) = 0.35-3.56(1+0.21+0.025) = 1.53 m’/kg of metal;
with the components:
Veo= K- 0a(2ro+) = 0.35-3.56(2-0.21+0.025) = 0.55 m*/kg;
= K- vg -9=0.35-3.56-0.025=0.03 m’/kg;
vn= K- vi(l-r0-¢) = 0.35-3.56-(1-0.21-0.025)=0.953 m’/kg.
Limestone decomposition additionally produces CO3:
Veor=22.4/44-0.42-1.=22.4/44-0.42-1.57=0.335 m’/kg of metal.
Total amount of gas:
Vg™ Vgt Ueon=1.53+0.335=1.865 m*/kg of metal.
Gas composition:
C0=0.55-100/1.865=29.4
H,=0.03-100/1.865=1.60
N»=0.95-100/1.865=51
C0,=0.335-100/1.865=18
100

Specific gas mass
-2 -2
V== —(28(CO+ No)+2H;+44C0)= —(28-80.4+3.2+792)=1 34 m/kg
The mass of the combustion gas:

Gee=1.865-1.34=2.49 kg/kg of metal.

Blast mass:
Gp=3.56-0.35-1.29=1.607 /kg of metal.

Table 2.1 - Total material balance

Expense item Quantity,kg/kg | Article of Quantity,kg/kg
of metal arrival of metal

Ore part of the 1.33 Metal 1.000

charge

Coke reagent 0.34 Slag 0.9816

Coke-fuel 0.35 Gas-prod. 2.490
combustion

Blowing 1.607 Gaz- 0.820
prod.reactions

Limestone 1.570 Dust 0.406

Total 5.197 Total 5.697
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Thermal balance
Heat consumption for melting and overheating of additional slag.
AQm=0.2453(qmi +¢-1600) =471 kJ/kg
Heat consumption for limestone decomposition
Quec=L-10:Ca0-qqec=1.57-102-54-2046=1735 kJ/kg of metal.
Heat coke burning Qn=qn-K=0.35-9800=3430 kJ/kg.
Blowing heat Qp=0.35-3.56-2268=2825 kJ/kg.

Table 2.2 - Total thermal balance

Expense item Quantity, Article of arrival Quantity,
kJ/kg kJ/kg

Charge heating 1577 The heat of combustion 3430

of fuel

Melting 455 Heat content of the blast 2825

Endotherm 2197

Decomp. of 1735

limestone

Melting of add. slag 471

Total 6435 Total 6255

Conclusion on the third chapter
-Under the conditions of metal reduction with solid carbon, an accurate

calculation of carbon was made to avoid the formation of carbide;
- Total material and thermal balance calculated.
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4 Experimental research

4.1 Carrying out experiments on the reduction of pure titanium oxide
with solid carbon

As shown in the section of theoretical research, the problem of reduction
smelting of ilmenite and titanium-magnetite concentrates is associated with high
concentrations of TiO,. The bulk of these concentrates are iron and titanium oxides.
Therefore, the main process of direct reduction of iron and titanium is of interest. In
connection with this task, preliminary experiments were performed using chemically
pure oxides.

We mixed 50 g of technically pure TiO; coals with a stoichiometric amount
of charcoal. The mixture with a fraction of less than 1.0 mm is injected into the
reaction cell prepared from a quartz tube and installed in the reaction zone of a
tubular electric furnace SUOL-44 12m.

Gas separation was expected only in the possibility of the following reactions:

TiO»+C=Ti+2CO 4.1)
TiO,+3C=TiC+2CO (4.2)

Table 4.1 — Results of the experiment on the reduction of pure titanium oxide
with solid carbon

Time, | T, Vs, | Gas composition, | AQ AO, . [,AOi | AO R W;-10
me 1, Sk (o) A9cop T : 3
min C dm’ | % g g g g ;
CO, |CO min’!
0 600 | The beginning of gas release
22 750 |04 |23 77 0.218 0.131 | 0.349 | 0.349 0.025 | 0.001
15 870 |09 |44 56 0.359 0.565 [0.924 | 1.273 0.093 | 0.004
13 950 | 0.85 |22 78 0.473 0.267 |0.740 |2.013 0.148 | 0.004
13 1010 | 1.0 | 12 88 0.628 0.171 |0.799 | 2.812 0.207 | 0.004
10 1050 | 1.0 |9 91 0.649 0.128 | 0.777 | 3.589 0.264 | 0.005
10 1090 | 1.6 |7 93 1.062 0.160 | 1.222 | 4.811 0.354 | 0.009
10 1120 | 1.5 |3 97 1.039 0.064 | 1.103 | 5914 0.435 | 0.008
8 1140 | 1.4 |7 93 0.929 0.139 | 1.068 | 6.982 0.514 | 0.009
4 1150 | 1.3 |5 95 0.882 0.092 | 0.974 | 7.956 0.586 |0.018
7 1170 | 1.55 | 5 95 1.051 0.110 | 1.161 |9.117 0.672 |0.012
6 1160 [ 1.2 |3 97 0.831 0.051 | 0.882 |9.999 0.737 | 0.010
7 1150 | 1.2 |2 98 0.839 0.034 | 0.873 | 10.872 | 0.801 | 0.009
7 1150 [ 1.2 | 5.5 94.5 0.809 0.094 | 0.903 |11.775 |0.867 | 0.009
7 1150 [ 1.0 | 1.5 98.5 0.703 0.021 | 0.724 | 12.499 | 0.92 0.007
7 1150 [ 0.75 | 4 96 0.514 0.042 | 0.556 | 13.055 |0.961 | 0.006
19 1150 {045 |3 97 0.311 0.019 | 0.430 | 13.485 |0.99 0.001
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The system temperature was increased to 1000°C at a speed of 10-12 °C/min.
The laboratory furnace, where an isolated cell is installed, is connected to a gas meter
and a gas analyzer. No gas release was observed when the temperature was
increased.

When the temperature reaches 1000°C, we keep the system at this temperature
for 20 minutes. However, no gas release was observed either during heating or when
the temperature was maintained at 1000°C, which indicates the absence of a clear
picture of titanium reduction reactions.

4.2 Carrying out experiments on the reduction of iron oxides and pure
TiO: titanium oxides with solid carbon

Experiments were carried out using iron oxides in the form of rolled okalina
and TiO; in the mass ratio of 70 g + 30 g, respectively. I mixed the mixture of oxide
components with the stoichiometric consumption of charcoal. I introduced an oxide-
carbon mixture with a fraction of less than 1.0 mm into the test cell and placed it in
the reaction zone of the furnace SUOL-044 12M2. According to the first experiment,
during the rapid heating of the system, the release of gas was observed when the
temperature reached 600 ° C. The gas analysis showed that the emitted gas was a
product of the process of direct reduction of the metal - CO and CO, gases. As the
temperature increases, the rate of gas evolution increases, which reaches a maximum
at a temperature of 1000-1050 ° C. Then the temperature is set at 1150 ° C for 30
minutes. I held on all the time. Over time, the rate of gas evolution decreased and
dropped to zero by the end of the metallization process, indicating the completion of
iron reduction. As for titanium, at this temperature only a small part of it is reduced.

Samples of metallized products were completely cooled, removed from the
cell, and melted in a crucible in the High temperature tubular furnace. The analysis
of molten metal samples is shown in table 4.2.

Table 4.2 - Chemical composition of molten metal

Name Chemical composition, %
[S] [P] [C] [Ti] [Cr] | [Mn] [Si]
Test Nel 0.014 | 0.095 0.31 0.29 0.24 0.27 0.3
Test No2 0.015 | 0.08 0.3 0.3 0.24 0.27 0.51
Test No3 0.015 | 0.08 0.3 0.29 0.23 0.26 0.6

It is proved that the degree of reduction of metals is determined by the amount
of gaseous oxygen, due to the fact that the process of reduction of metals takes place
through the conversion of oxygen from metal oxides to carbon with gas.
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Table 4.3 — Results of the experiment on the reduction of iron oxides and pure
Ti0, titanium oxides with solid carbon

Time, | T, Vs, | Gas AO AO .| AO{ AO R Ws 10
. 0 3 L (co)’ (o) J ) 3
min C dm’ | composition, g g g g ,
% min’!
CO, |CO
0 600 | The beginning of gas release
13 787 | 1.9 |40 60 0.814 1.085 1.899 | 1.899 0.104 | 0.008
14 890 | 1.1 |37 63 0.494 0.581 1.075 |2.974 0.162 | 0.004
8 940 |1 41 59 0.421 0.585 1.006 | 3.980 0.217 | 0.006
5 970 | 1.2 |35 65 0.557 0.599 1.156 | 5.136 0.28 ]0.012
7 1000 | 1.6 |27 73 0.834 0.617 1.451 | 6.587 0.359 |0.011
6 1025 | 1.75 | 26.5 | 73.5 |0.918 0.662 1.580 | 8.167 0.445 10.014
5 1045 | 2.1 |22 78 1.169 0.659 1.828 | 9.995 0.545 |0.02
4 1060 | 1.7 |21 79 0.959 0.509 1.468 | 11.463 | 0.625 | 0.02
3 1070 | 1.75 | 24 76 0.949 0.599 1.548 | 13.011 | 0.709 | 0.028
5 1085 | 1.8 | 20.5 |79.5 1.022 0.527 1.549 | 14.56 0.793 |0.018
3 1095 | 1.6 |19 81 0.925 0.434 1.359 | 15.919 | 0.867 | 0.024
3 1105 | 1.4 |17 83 0.829 0.339 1.168 | 17.087 | 0.931 | 0.021
4 111514 |16 84 0.839 0.319 1.158 | 18.245 |0.99 |0.014

The amount of oxygen in the prepared carbon charge in the form of oxides
with Fe, Cr, V, Ti and Mn is 99% of total oxygen. In the temperature range of 1150-
1200°C the content of carbonated oxygen is 85-87%, ie iron oxides in the charge are
completely reduced, and oxides Cr, Mn, V are reduced from high oxides to low
oxides.

The maximum value of CO; in the exhaust gas is observed for solid carbon at
a temperature of 850-950 ° C, at temperatures above 950 © C the normal content of
this gas gradually decreases, as explained by the completion of the reduction of high
Fe oxides.

The exact extremum of the total reduction rate depends on the phase and
temperature, but in the temperature range of 900-1050 ° C the reduction rate doubles
and reaches its minimum value at 1165 ° C. This indicates a decrease in the rate of
reduction due to the completion of the reduction of Fe.
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Figure 4.1- Temperature dependence of Fe reduction
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Figure 4.2 - Temperature dependence of CO, emissions
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Figure 4.3 - Temperature dependence of the reduction rate

4.3 The effect of temperature and duration of heat treatment on the
degree of reduction of iron oxide

In order to mathematically process the results obtained during the experiment,
a special program was developed to calculate the key indicators needed to build
forecasting models. Thus, the results of experimental data for the mathematical
processing of a complete array are given in table 4.4, where, as an example, the
results of a selected experimental array are given.

As a result of mathematical processing of the experimental array, a regression
equation was obtained, which equivalently describes the dependence of the iron
oxide reduction process on the temperature:

[R]= -1.263 + 0.02-[T], r = 0.81 4.3)
where [R] is the degree of reduction,

[T] — temperature, K.
Average value of the multiple correlation coefficient (r = 0.81)
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Table 4.4 - Results of experimental data for mathematical processing of the
selected array

Temperature,C | R W | CO/CO,
X Y Y> Y3
600 0 0 0
750 0.025 | 0.001 3.3
870 0.093 | 0.004 1.3
950 0.148 | 0.004 3.5
1010 0.207 | 0.004 7.3
1050 0.264 | 0.005 10.1
1090 0.354 | 0.009 13.3
1120 0.435 | 0.008 323
1140 0.514 | 0.009 13.3
1150 0.586 | 0.018 19.0
1170 0.672 | 0.012 19.0
1160 0.737 | 0.01 323
1150 0.801 | 0.009 49.0
1150 0.867 | 0.009 18.9
1150 0.920 | 0.007 49.3
1150 0.961 | 0.006 24.0
1150 0.990 | 0.001 32.3

Table 4.5 - Regression statistics

Multiple R 0.813754
R-square 0.662196
Normalized R-square | 0.639675
Standard mistake | 0.20574
Observations 17

Table 4.6 - Analysis of variance

df | SS MS F Significance of F
Regression | 1 | 1.244662 | 1.244662 | 29.4044 | 7.06E-05

Remains 1510.634936 | 0.042329
Total 16 | 1.879598
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Table 4.7 - Conclusion of results

Coefficients | Standard t- P-Value | Lower Upper Lower Upper
mistake statistics 95% 95% 95.0% 95.0%
Y- -1.2627 0.329667 | -3.83022 | 0.001639 | -1.96536 | -0.56003 | -1.96536 | -0.56003
intersection
Variable X | 0.001687 0.000311 | 5.422583 | 7.06E-05 | 0.001024 | 0.00235 | 0.001024 | 0.00235
1

4.4 X-ray fluorescence analysis of a steel sample

X-ray fluorescence analysis of a steel sample (XRFA) is one of the modern
spectroscopic methods of studying a substance to obtain its elemental composition,
1.e. elemental analysis. You can use it to find various elements. The XRFA method
is based on the collection and analysis of the spectrum that occurs during X-ray
irradiation of the studied material. When interacting with high-energy photons, the
atoms of a substance go into a state of shock, which is expressed in the transition of
electrons from a lower Orbital to a higher energy level even before atomic ionization.
The atom i1s in an excited state for a short time, about one microsecond, after which
it returns to a calm state (its main state). At this point, the electrons of the outer shell
fill the resulting gaps, and the excess energy is either released as a photon, or the
energy is transferred to another electron of the outer shell. Here, each atom emits an
energy photon that has a strictly defined value, for example, iron emits Ka = 6.4 kV
photons when irradiated with X-rays. Further, the structure of matter is determined
by the amount of energy and quantum, respectively. X-ray tubes or isotopes of
certain elements can be used as radiation sources. Since each state has its own
requirements for the input and output of radiation isotopes, it has recently been trying
to use an X-ray tube in the production of X-ray fluorescent equipment.

After entering the detector, the photon is converted into a voltage pulse, which
is calculated by computing electronics and the value is transmitted to the computer.
Based on the obtained spectrum peaks, it is possible to qualitatively identify the
elements present in the sample. The X-ray fluorescence method is widely used in
industry and scientific laboratories. Due to its simplicity, the possibility of rapid
analysis, accuracy, and the absence of complex sample preparation, the areas of its
application are expanding.

The composition of the charge was formed at the following mass ratios of
Satpayev concentrate and rolling scale: 0.50-0.50; 0.40-0.60; 0.30-0.70. in addition,
a small proportion of burnt lime (CaO = 93%) was introduced into the charge to
ensure the liquid mobility of the slag.

To conduct experimental studies, the following components were used, the
chemical compositions of which are presented in table 4.8.
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Table 4.8 — Chemical composition of the components used for experimental
studies

Name of Chemical composition, %

materials Fe | FeO | MnO | SiO, | CaO | MgO | V205 | TiO; | CroO3 | ALOs | P S C |wr
Satpayev 32.53|16.54 | 0.70 | 5.80 | 0.50 | 0.33 | 0.22 | 49.65| 0.22 | 1.25 | - |0.017| - |[7.73
concentrate

Rolling scale 67.65 | 28.25] 0.30 - 10.017| -
Charcoal - - - 0.37 | 98.0

The weighted average chemical composition of the mixture of Satpayev
concentrate and rolled scale in the specified mass ratios are presented in table 4.9.

Table 4.9 — Weighted average chemical composition of the charge at the
specified mass ratios of Satpayev concentrate and rolling scale

Mass ratio Chemical composition, %

Fe FeO | MnO | SiO; | CaO | MgO | V205 | TiO; | Cr;0; | ALOs | P S

W.I.
0.50-0.50 50.08 | 22.40 | 0.50 | 29 1 0.25|0.165| 0.11 | 24.82 | 0.14 | 0.625 | - | 0.017 | 3.86
0.40-0.60 53.60 | 23.56 | 0.46 | 2.32 1 0.20 | 0.13 | 0.088 | 19.86 | 0.088 | 0.50 | - - 3.09
0.30-0.70 57.11 12474 0.42 | 1.74 | 0.15 | 0.10 | 0.066 | 14.89 | 0.066 | 0.37 | -] 0.016 | 2.32

The complete reduction of iron from the presented composition of the charge

was realized by the introduction of free carbon in the form of charcoal at a heating
temperature of up to 1100 ° C.

Calculated data

Determination of the amount of gasified oxygen of the charge and the
consumption of carbon as a reducing agent at a temperature of 1100 ° C. According

to preliminary studies, it is known that vanadium oxide (V,0s) is reduced by 85%,
and chromium oxide (Cr,03) 80%,

g'cre=  0.75:[0.333-Fe -0.076- FeO+0.170-MnO+0.253-Cr,05+0.374-V,05+
+0.03 -Ti02]/95

Test Nel

g'cre= 0.75-[0.333-50.08 -0.076- 22.40+0.170-0.5+0.253-0.14+0.374-0.11+
+0.03-24.82]/95 =0.12 g/g charge

Test No2

g'cre=  0.75:[0.333-53.6-0.076- 23.56+0.170-0.46+0.253-0.088+0.374-0.088+
+0.03-19.86]/95=0.135 g/g charge

Test Ne3

g'c.re= 0.75-[0.333:57.11 -0.076- 24.74+0.170-0.42+0.253-0.066+0.374-0.066+
+0.03-14.89]/95 =0.142 g/g charge
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Results of experimental studies (first stage of metallization with free carbon)

Test Nel

Tube - 211.3 g.; Total weight - 271.3 g.
The composition of the charge: 50% mill scale + 50% Satpayev concentrate + 5.6%
CaO + 12% C (charcoal).
Charge weight - 60 g. The weight of the metallized product is 40.5 g.

Table 4.10 — Results of test Nel

Time Temperature, ©° C | CO2 content V, dm’
15.50 600 Start of gas release
16.28 660-811 23 150
17.06 900 26 1200
17.15 950 15 1800
17.29 1000 2 3100
17.44 1050 4 2575
18.03 1100 0 2050
18.14 1100 0 500
Test No2

Tube - 196.1 g.; Total weight -256.1 g.
The composition of the charge: 40% mill scale + 60% Satpaevsky concentrate
+5.7% CaO + 13.4% C (charcoal).
Charge weight - 60 g. The weight of the metallized product is 40.0 g

Table 4.11— Results of test Ne2

Time Temperature, ©° C | COz content V, dm’
15.00 600 Start of gas release
15.14 700-800 26 300
15.50 870 55 1100
15.55 900 54 2500
16.08 950 27 3630
16.29 1000 22 2200
16.54 1050 12 1500
17.25 1100 0 254
Test Ne3

Tube - 211.3 g.; Total weight - 271.3 g.
Charge composition: 70% mill scale + 30% Satpayevskiy concentrate + 5%
CaO + 14% C (charcoal)
Charge weight - 60 g. The weight of the metallized product is 36.6 g.
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Table 4.12— Results of test Nel

Time Temperature, ©° C | COzcontent V, dm?
16.24 600 Start of gas release

16.30 800 16 650
16.46 900 55 850
16.59 950 18 1565
17.12 1000 18 3800
17.31 1050 10 4400
18.54 1100 0 1300
18.20 1100 0 200

The reduction of titanium was organized from a metallized charge at a higher
temperature of 1150-1500 °C with the additional introduction of dissolved carbon in
the form of cast iron granules.

In this case, it is possible to plan and achieve the degree of reduction of
titanium metal at the level of 0.2-0.3. In accordance with reaction, the consumption

of dissolved carbon for the restoration of a unit mass of titanium will be (g/g or
kg/kg).

Test Nel

Figure 4.4 - Smelted metal samples (second stage of metallization with
dissolved carbon)

Thermodynamic studies
The effect of surface atoms with carbon due to 5-6% O».

Mechanical properties of the obtained samples
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at T = 20°C.

Test 1

5 mm-Sy =1500 MPa

20 mm-Sy = 980 MPa

Hp 10! =217 MPa

Sy - the limit of short-term strength
Hg - Brinell hardness

According to the results of experimental data, the obtained sample is similar
in characteristics to steel 18XGT and 30XGT.

Sample 1 (not the shiny side)

Figure 4.5 - The shooting area. Magnification X400.

The intensity graph is built in a logarithmic scale along the intensity axis to fit
all the intensity values.

Figure 4.6 — Energy spectrum of the metal sample after solid phase reduction
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The Argon line is because of the carrier gas. It is not taken into account. The
unsigned peaks are the lines from the betta lines of the elements.
Qualitative analysis: Ti, Cr, Fe, Ni, Cu.

Table 4.13 Quantitative analysis of this sample taking into account manganese

Elements: Ti Cr Fe Ni Cu Mn
Concentrations: | 0.6 0.3 98.3 0.1 04 0.3
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CONCLUSION

An overview of the technologies for processing titanium-magnetite
concentrates was presented, their achievements and prospects were demonstrated.
Taking into account such difficulties of well-known technologies, the dissertation
work has developed a methodology for processing titanium-magnetite concentrate
with a new technology.

A method of direct reduction of iron and chemically high-strength metal
oxides in titanium-magnetite concentrate with solid carbon has been developed. The
main feature of the methodology is mixing carbon with titanium-magnetite oxide
concentrate in stoichimetric quantities and grinding the mixture to a fraction of 1.0
mm. In this case, the course of the reduction process has shifted from a topochemical
(diffusion) mode to a kinetic one.

It was found that the kinetic indicators of the process of chain-Phase reduction
of iron and alloying metals with solid carbon are more effective in comparison with
the indicators of the process of reduction of lump raw materials with gas.

The process of direct reduction of iron and alloying metals with solid carbon
was carried out at 1100-1150 °C and a high-quality metallized product was obtained.

Natural alloy steel was obtained by reducing and melting metallized products
in a High temperature tubular furnace at temperature of 1600-1650 °C.
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AngaTna. OpTypii 001aTTaH *KacajlFaH COHFbI OHIMJIEP/IiH canackl MEH KaCUETTepi OJIapIbIH KYpaMbIHa,
KYPBUIBIMBIHA K0HE Ooyatrapaarkl MeTaul eMec KochHabpuIapasiH (MEK) cunarramanapsina OaitlaHBICTHL
JlerenmeH, kei0ip KOCBIHABLIAP OOJIATTHIH COHFBI KACUETTEPiHE 6TE 3USH/IBI 0OJYBI MYMKIiH, aj coi 0oyaTTa
oomnaterH 6acka MEK Typi 6onat eHiMiHIH KaXKETTI KYPBUIBIMBIH KAJIBIITACTRIPY YIIiH maimansl. Kebinece
METaJIJT eMeC KOCHIHbLIAPBIH OO0JIaT camachlHa dcepi OJapibIH KYpambl, MOP(OIIOTHUACKI, ©JIIeMi, CaHBI,
OoJaTTarbl OpHAJIACYHI )KoHE T.0. COHABIKTaH Ka3ipri 00J1aT eHIipiCiHIH MaHBI3IBI MaKCATTAPBIHBIH Oipi OoaT
OaJKBITYJBIH SPTYPIl Ke3eHAepiHIe 9pTYpii KOCBIHABUIAPABIH TY3UIyiH, ©CYiH JKOHE XOWBUIYBIH 3epTTey
HETi31HAE SPTYpi MeTall eMeC KOCHIHIABIIAPIBIH CHITaTTaMallapblH OHTAMIaHABIPY OONBIT TaObLIaIbI
(3ustaaer MEK-ne1 azaiity skoHe maiinanst MEK-ner 6apbiHma aptteipy). CoHapikTan 6onaT OanKbITyIbIH
opTypii KeseHaepiHme OomatTapiarbl MeTaul emec KochiHABUIapAbl (MEK) Oaxpimay sxorapsl camaisl
0oratTapbl adyablH MaHbBI3Ibl MAKCATTAPBIHBIH Oipi OOJIBIN TaObLIAIbI.

Herizri ce3nep. Turangs: 6omar, MEK, 2-D xone 3-D moaenbaey amici.

Kipicne. byriari kyHi Oonarrap mMeH Kopbitnanapaarsbl MEK OaranaynblH €H KeH TaparaH ojici
METaIlT YATUIEPIHIH JKbUITBIPAThUFAH OSTTEpIHIErT METAUT eMeC KOCBHIHIBUIApAb! ki emmem (2-D)
3eprrey Oobin TadbuIapl. Jlereamen, Oy 2-D 3eprrey oniciHiH KeiOip MaHBI3Ib! KEMIIUTIKTEpI Oap.
Anppinaesl Gipkarap 3eprreynep [1-2] OonaT yariiepiH 3IeKTpOIUTTIK epiTy/ieH KeliH IeHKa Cy3riCiHIH
OetiHzeri sxoHe/Hemece Mmetaint Oerinaeri MEK >xone kmacreprnepain yir enmemai (3-D) 3eprreynepine
Oipkarap MaHBI3IBI KepCeTKImTep ©Oap ekeHiH kepcerri, 2-D  omicTepiMeH calbICTBIpFaHIa
apTBHIKIIBUTBIKTap Oap. ByriHri TaHma 37eKTponuTTiK 3KcTpakius (33), oman kerin 3D MEK sxone
CKaHEpJIEYII AEKTPOHIBIK MUKpOckonThl (COM) maipanansm kiactepuik 3eprreynep 0,05-ter 500
MKM-T€ JICUIHT1 OJIIIEM AUaNa30HbIHAAFbl SPTYpIIl OoJar yiruiepiHaeri KOChIHIBUIAp MEH KiIacTepiepai
Oaranmay/pIH 1o onicTepiHiH Oipi Oombin Tabbuiagsl. CoHApIKTaH, 33 oici 6onar eHAIpydiH SpTYpIi
Ke3eH/IepiHze 60aTThIH dPTY Pl KOMMEPLIMSIIBIK MapKasapbiHaars! opTypii MEK oHe knactepriepi 1o
3D OGaramay YIIiH OpTYpJi FBUIBIMU >KYMBICTAp MEH >koOanapia KEeHIHEeH KOJIaHbUIAIbL. AJIBIHFaH
HOTIDKENepAl 00aT GaNKBITY/ABIH TEXHOJOTHSUIBIK MPOLECTEPIH OHTANIAHABIPY KOHE MOJICINBICY KOHE
OpPTYPJIl ©HEpKACINTIK OonaTTap MEH KOpBITHAIApbIH COHFBI KAaCHETTepiHe (MEXaHUKAIIBIK KacHeTTepi,
OHZIeyre KaOUICTTLIIr, KOppo3usFa Te3IMAUIIT koHe T.0.) optypimi MEK >xoHe kimacteprepiH ocepiH
Oarayay YIIIiH naiananyra 0oJa bl

Ochiran OaiIaHBICTBI, KYWBUIFAH KyWzeri 0ojaTra MeTaul eMec KOCBIHIBUIAPABIH MiIIiHIH
e3repTy, KejeMi MEH OJIIEeMiH a3alTyra OaFbITTalFaH Imapaiap, 0ojaT eHIIpICIHAC OJIapIbIH
CamachlH apTTHIPY YIIIH MaHBI3Ibl TOXKIPHOEIIK MOHTE He.

BonatThiH MeTa1 eMec KOCBIHIBUIAPMEH JIACTaHY JI9PEkKECIH aca CeHIMII CaHIbIK Oaranay MeH
oNapAblH camacklH Oaranay YIOiH, COHFbI >Kbuigapel yimn emmemnai (3D) 3eprrey omictemeci
YCHIHBUTFAH. Byl o/licTeMeHiH MoHi, MeTalll eMeC KOCBIHbIIapAbI 06 amy YIIiH 3JIeKTPOIUTTIK
SKCTPAKLUSHBI NalijaaHy, KeHiHHEeH TyHOara TYCKEH opTypiii ¢a3ayibl KOCHIHABUIAD OeNIeKTepiH
COM-re 3eprrey Oombln Keneai. beiiMerann KOCBIHABUIAPBIH 3€pPTTEYIiH MYHAail dmicTeMeci aca
kenemeri 30p, ceHiMmui JkoHe JKamonus, OunrycTik Kopes, AKII men IIBenmusiHbIH >KeTEKI
3epTXaHajapbliH/a KeHIHCH Mmaiaananbuians [3].

BonaTThIH camanblK KOPCETKIMTEPIiHE KePi 9CEpiH THUTI3ETIH METAJT eMeC KOCHIHABUIap 0oJaT
yATuUIepiHAe oOpTypii mimiHAe O0aybel MyMKiH. OmnapnablH enmiemi  OipHeme MHUKpOHHAH
MUJUTUMETPIIH OlpHEeIe yecine ASiiH e3repe/i.

Taoicipube. ChIHAK anabiHAA 3epTTENeTiH OonaT ynriciHig [4] O6eTiH TOTBHIK KabaThlHAH, KipJeH
’KOHEIIAHHAH Ta3apThULAbl. MeTann yiriHi JeI0BICTHIK TOJKBIHIAP dCEpIMEH alleTOHMEH, KeHiHHEeH
O€H3MHMEH NIaNBUIILL.
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DNEeKTPOIUTTIK KCTPAKIMsIA 3ePTTEIIHIN OTBIPFaH YITiHIH
epy KbUITAMIBIFBIH aHBIKTAy YIIiH, yIriHiH emmemid (12,03 x
10,04 x 8,75 MM) emmien >koHe YATiIHIH camMmarbl (6,7753 rp.)
aHBIKTAJBIK. MeTaul ChIHAMAChIH JOJJIIK YIIiH METaHOJIMEH
HIalIBIK, acTianka OeKiTiI )KoHEe aya aFbIHBIMEH KeNTipii.

Cyper 1.1 - Kypamsr 3D-oiciMer 3epTTenreH OanKbIThUIBI ATbIHFaH
Oomar yirici

Cyper 1.2— Ynrinig Cypert 1.3 — 3epTTenerin MeTat Cyper 1.4 - Epity aaiciMen
eJIIIIEM/ICPiH OJIIICHTIH acar YJITiCiHIH caMarbl METaJIJI YITLIepiH 3epTTeyre
apHaJFaH KYPbUIFbI

Konapipreira OeKiTinreH yiarini apHaibl 37eKTpoauT 10% AA cyHBIKTHIKTBIH OCTTIK ACHIeHiHEeH
mamMaMeH 3,5 MJI TOMeH OaTBIPBIN XKoHE KOHJBIPFBIHBI iICKe KOCTHIK (cypeT 1.4). 45-60 mA Tok neH
150 MB kepney (800 nemece 1200 kymnoH 3apsiabIMeH) Oepy Ke3iHIe 3epTTENiHIN OTHIPFaH YITiHIH
MeTaJABIK HETI31HIH epyi Kypeni. bomar ynarici epuii, al KOCHIHABLIAP IIBIHBI BIIBICTBIH TYOIHE
ere/i.

Homuoicenepoi manoay. DneKTpOnUTTIK epiTyACH KeiiH, TYyHOaHbI monukapooHar cy3rimi (0,05-
SMK eJmeM[Ii amblK KeyekTepi Oap KaObIKIa) apKbUIbl ©TKizemi. MemOpaHabl KaOBIKIIATBI
cy3rimrep O0eTiHe OOJiHIN albIHFaH KOCBIHIBUIAPABI (MeTauT xKoHe MeTalll eMec) COM keMeriMeH
300 — 10000 neiiin yakedTy ke3inae 3eprreimis (cypet 1.5). 3epTreninin oTbipraH TyHOa OeTiHIH
Kbl ayaansl mamamen 0,6 M2 fieiiin 6osabl.

3epTTeNiHiN OTBIPFaH METAJUI YITICIHIH caIMaFbl SKCTpakIus 6apsichinaa 6,7753 rp-nau 6,6574
Tp. ACHiH a3aiasl, Aemek, 0,118 rp. metamn epiai. by
ke3ne cysrim  Oeringe 0,118 T1p Oeiimerann
KOCBIHIBIIAPBIHBIH, ~ TYHOAachl  Ty3inai. dazanbik
KypaMbl ~ OOWBIHIIA  KOCBIHABUIAP  JIETipieymri
MeTaJIapFa jKaTabl.

1.6 cyperTe TaOUFaThl SPTYPIi KOCHIHABUIAP IBIH
MOPQOJIOTHICHIH KOpyTe 00JIaIbI.

Cyper 1.5 —DAeKTpOIUTTIK IKCTpaKIUsIayIaH KeHiH
5 e Cy3rim Kara3 OeTiHzeri Kiactepiep KOChIHABUIAPBIHBIH
11.3mm x200 BSECOMP 2016-10-25 19:22 THIITIK CEM-KeCKiHi, x200
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SE_MAG: 5000 x_HV: 20.0 KV _WD: 11.4 mm

Cypet 1.6 — bonat ynrizneri Mopdaioruscel opTypili TUTaH KOCBIHIBLIAPBIHBIH MOpgoorusichl, x5000

_SE MAG:3000x HV:20.0kV WD:113mm s T e 5: 3000x HV: 20kV WD: 11.3mm

Mn-KA
Mn-KA VKA
MAG: 3000x HV: 20kV WD: 11.3mm L MAG: 3000 HV: 20kV WD: 11.3mm

MAG: 3000x HV: 20kV WD: 11.3mm

MAG: 3000x HV: 20kV WD: 11.3mm

S-KA
MAG: 3000x HV: 20kV WD: 11 3mm

Cyper 1.7 — Bonat ynrigeri x3000 eceyakeHTIIIeH KOCBIHABLIAP MOP(OJIOTHICH KOHE KOCBIHABLIAPAarbl
AIIEMEHTTEP/IiH Tapalybl

COM nepekTepiH oHJIEY KopceTyl OOWBIHINA, 3€PTTEIATeH 00JaT YITrici METall JKOHE METall
eMec KOCBIHIBUIAPhIMEH JiacTaHFaH. [limmiHi opTypJli KemTereH, Keije MepeKi, TIKEHEK Topi3i
KOCBIHJIBLIIAP Ke37eCe/Il.

199



3epTTey HOTIXKENEPl, CKaHEpJey JJIEKTPOHIbI MUKPOCKONTHI KOJIAaHbIN yienmemai (3D)
3epTTeY OMICIHIH THUIMIUIIIH KepceTedi. OMIIC - JlacTaHy JdOPeXECiHIH CEHIMII CaHJbIK
cumaTTaMajapblH ajyFa )KoHe 0oJiaT camachlH Oaraiayra MYMKIHIIK Oepeni. MyHzaail 3epTreynep,
KOpBITHANAPABl Ta3anay, JIeripiey, OalKpITy JKOHE KYIO [MPOLECTEPiHIH TEXHOJOTHUSICHIH
OHTAMIAHIBIPYABIH FRUTBIMU-HET13/IETeH TOCIIAEMEC] YIIIIH HeT13 OOJIBII Kee/l.

Kemenai THUTaH-MarHETUT KOHE PEIYKIUSUIAYIIBl PEAareHTTeH TYpPaThlH [IUXTaJaH
OaJIKBITBUIBII IIBIFAPBUIFaH, TAOUFU JIETIPJICHTEH OOJATTHIH METANIIBIK HET131H JICKTPOIUTTIK €pITy
ONiCiMEH aHBIKTAJIFaH METAIJI €MeC KOCBIHABUIAPJABIH XMMHUSJIBIK Kypambl, MIIIiH, ©JIIeMi MeH
CaJTBICTBIPMAJIBI MOJIIIEpi 3epTTenli. MeTalablKk MaTepHuaiiapia MeTaul eMec KOCHIHIbLIApIbI
AJIEKTPOJIMTTIK OO ally OMiCiH jKOHE ajiFaH TYHOaHBI CKaHepJey 3JIEKTPOHbl MHKPOCKOOBIHIA
3epTTey 9MICIH YHIIECTIPY THIMII.

9JEBUETTEP

1. H. Ohta, H. Suito. Characteristics of particle size distribution of deoxidation products with Mg, Zr, Al,
Ca, Si/Mn and ‘Mg/Al in Fe-10 mass% Ni alloy / ISIJ International, vol. 46, no. 1, -2006. pp. 14-21

2. A. Karasev, H. Suito. Analysis of size distributions of primary oxide inclusions in Fe-10 mass pet Ni-
M (M = Si, Ti, Al Zr, and Ce) alloy / Metallurgical and Materials Transactions B, vol. 30, no. 2, -1999. pp.
259-270

3. Janis D., Inoue R., Karasev A., Jonsson P.G. Application of Different Extraction Methods for
Investigation of Nonmetallic Inclusions and Clusters in Steels and Alloys // Advances in Materials Science
and Engineering. - 2014. - ArticleID 210486.- 7 p.

4. Kotimmna I'"M., TneyraGynos C.M. Hcnons30BaHne WIBMEHUTHOTO KOHIIEHTpAaTa AJsl TOTYyYEHHS
npupoaHoiernpoBanHoi ctanu / [IpomeimuienHocTh Kazaxcrana Nel(102) 2018 ¢ 73-75. ISSN 1608 -8425

3D-ucciienoBaHus BKJIKYEHU B THTAHOBLIX CTAJIAX

1. Tamumayaer = , I'.M. Kolimmaa

AnHotanus. KauecTBo U cBOWCTBa KOHEUHBIX M3IENUI U3 pa3IUYHbIX CTajJel 3aBUCAT OT UX COCTaBa,
CTPYKTYPBI M XapaKTEPHUCTUK HeMeTaummdeckux BimoueHuit (HMMU), mpeactaBieHHbIX B cTamsax. OmHaKo
HEKOTOpBIE BKIIFOYECHHS MOTYT OBITh OYEHb BPEIHBIMH JJII KOHEUHBIX CBOWCTB CTaJIM, B TO BPEMsI KaK JAPYTou
tun HMU, npencraBneHHbIN B TOH e CTalH, TIOJe3eH Uil GOpMUPOBaHUs TPeOyeMOl CTPYKTYpPhI CTaILHOTO
n3nenus. Yacto BIUsHNE HEMETANIMYECKUX BKJIIOUEHUM Ha KayeCTBO CTaIM 3aBUCHUT OT MX XapaKTEPHCTHUK,
TaKUX Kak cocTaB, MOPQOIJIOTHS, pa3Mep, KOJIMYECTBO, PACIIONOKEHNE B cTad U T.a. [lo3ToMy OJHON U3
BAKHBIX II€JIEll COBPEMEHHOIO MPOM3BOJCTBA CTAJEM SBISETCS ONTUMH3ALMSA XAPAKTEPUCTHUK Pa3IUYHBIX
HEMETAIUTMYECKUX BKITOUeHHH (MuHUMUK3anus Bpeaabix HMU u makcumu3anus nmonesnsrx HMI) Ha ocHOBe
WCCIIeIoOBaHUK 00pa30BaHWsA, POCTa, yAAJCHHS Pa3NUYHBIX BKIIOYEHHWH Ha Pa3HBIX CTAagUsIX IPOIECCOB
BBITUIaBKH cTand. [loaToMy KOHTpONs HeMeTammaeckux BKitoueHn (NMI) B cTansx Ha pa3THYHBIX CTaIUsIX
BBITUIABKH CTaJIM SIBISIETCS] OHOM M3 BayKHBIX LIETIEH I TPOU3BOACTBA BEICOKOKAYECTBEHHBIX CTAJIEH.

KaroueBble ciaoBa. Tutanosas crans, HMB, 2-D u 3-D monenu

3D investigations of inclusions in titanium steels
Sh. Galipauly~ , G. M. Koishina

Abstract. The quality and properties of the final products made of various steels depend on their
composition, structure and characteristics of non-metallic inclusions (NMI) present in the steels. However,
some inclusions can be very harmful to the final properties of steel, while another type of NMI, represented in
the same steel, is useful for forming the required structure of a steel product. Often the influence of non-
metallic inclusions on the quality of steel depends on their characteristics, such as composition, morphology,
size, quantity, location in steel, etc. Therefore, one of the important goals of modern steel production is to
optimize the characteristics of various non-metallic inclusions (minimizing harmful NMIs and maximizing
useful NMlIs) based on studies of the formation, growth, and removal of various inclusions at different stages
of steelmaking processes. Therefore, the control of non-metallic inclusions (NMI) in steels at various stages
of steelmaking is one of the important goals for the production of high-quality steels.

Keywords. Titanium steel, NMI, 2-D and 3-D models
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MUHWUCTEPCTBO OBPA30OBAHMWS U HAYKH PECITY BJIMKH KA3AXCTAH
COTBAEB YHUBEPCHUTETI

OuGaorpaQUUecKnil CHHUCOK TaKXkKe COOTBETCTBYIOT BCCM TpebOBaHUAM, KaXIyK T1aBy
COMPOBOKAAIOT BHIBO/BI.

5. Ouenka BHYTpPCHHETO eNHCTBA U HATIPABJICHHOCTH MOJIYy4€HHBIX pe3yabTaToB Ha

peuieHue COOTBLTCTByIOlHeH ﬂKTVdJ]bHOH ﬂpOﬁJle\lbl lt‘OpCTll‘leCKOM HJ/TH I'I[)llKJ]dllHOl/l
3ajavuu

Crpykrypa paboTbl MPEACTABIACTCS OpUIMHAILHOH W JIOTHYECKH 00OCHOBAHHOM,
COOTBETCTBYET 3asiBJICHHON TEME W OTBEUACT 3a/1a4aM MCCIICL0BAHNMAL.

6. 3ameuanust Kk padore

CyLIECTBEHHBIX  HEJA0CTATKOB B JIAHHOH padoTe  HE  BbISIBICHO.
HECYLLECTBEHHBIC

BoisiplieHbl
HEJLOCTATKH: HEJ0CTATOUHO HILIOCTPATHBHBIX MATCPHAIOB. rpapukoB H

O,JIMKO HAMJICHHbIC HEJ0CTATKWM HC BJIMAIOT Ha KadecTBO MccIeA0BaHUsA TI0 JIAHHOM
HDOOHEMG.

JAKJTIOYEHUE U OLIEHKA PABOTBI

Jlannas pabora IBJASETCS HHTEPECHBIM HAYUHBIM HCCICOBAHUCM 110 CBOCH HOBH3HC.
TEOPETHUECKOH M TIPAKTHYECKOH  3HAUMMOCTH,  yPOBHIO HeeseIoBanusa;  OTBCHACT
TpeGOBaHKAM, MPETbABIISIEMbIM MATHCTEPCKHM JIHCCCPTATIHIAM. [TocTapneHHble LEIH W 3a/1a4H
JIMCCEPTAHTOM YCIICHIHO PEHICHbL.

Boinycknast Jicceprainontas padora. = PCROMCH 0B

K 3aUMTC M 3aCay/KHUBact
OLIEHKH «OTAHUHO» (95%).

PeuemeuT
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KY8nAHAbIPAbI

H
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AenapTamenri Renaprament

HayYHblx 1cenenosaHuu

»

b

O KazHUTY 706-17. Peuensuns



MHHHCTEPCTBO OBPA30OBAHM S U HAYKH PECITYBJIMKHU KA3BAXCTAH
COTBAEB YHUBEPCHUTETI

OT3bIB

HAYYHOI'O PYKOBOJIMUTEJIA

Ha MA2UCMEPCKYIO OUCCEPMAYUIO
(HarMeHOBaHHe BHA pabOTHI)
L anunaynel LlbiH2bIC
(®.H1.0. obyuaronierocs)

7M07204 — Memannypeusi u obo2auenue noae3Hsbix UCKONAeMbIX
(umdp ¥ HaUMEHOBaHHE CIIEIMATLHOCTH)

Tema: «HccnemoBanue u paspabotka croco0oB moBbimLeHHsT 3(PHEKTUBHOCTH
nepepabOTKH TUTAHOMArHETUTAY

3a Bpemss paboThl Han Marucrepckoit mmcceprauwmeit [amunaynabi  [IbiHrbIC
3apeKOMEHI0Ban ceOsi B KauecTBe TPYAOMOOUBOrO .M 3aWHTEPECOBAHHOIO HCCIENOBATE]IS,
CrocoGHOro K HayYHOMY TPYAY U IPUMEHEHHIO CBOMX 3HAHHMI HA MPAKTHKE.

TuraHoMarHeTuTl JOCTAaTOYHO PACMPOCTPAHEHHAs] PA3HOBHAHOCTb PYJHOIO ChIPbSL
ITepepaboTka TUTAHOMAarHETUTOB MMEET PsAN OCOOEHHOCTEH, KOTOpPbIE HEOOXONMMO YYMTHIBATH
npyM BbiJIaBKe 4YyryHa. JlucceprauuoHHas paboTa COAEPXKHT pe3yJbTaThl MEPOIPHSATHIA,
HAIpaBJIEHHBIX Ha COBEPIIEHCTBOBAHWE TEXHOJOTUH BBIMJIABKM YYTyHA C LEJBbIO MOBBILICHHUS
MPOM3BOAUTEIbHOCTH M CHIDKEHMS PHCKOB, CBSI3aHHBIX C OOpasoBaHueM kapOWIOB THTaHa.
AKTyanbHOCTb 3asIBIEHHOH TEMbI He BbI3bIBAE€T COMHEHHIA.

Crpyktypa paboThl NpencTaBiIseTCs OPUTHHANBHONW W JIOTHYECKH 000CHOBaHHOW,
COOTBETCTBYET 3asBJCHHOH TEME 1 OTBEYAET 3a7a4aM HUCCIIeIOBaHHUSL.

MarucTpanT npoaeMOHCTPUPOBAN JOCTATOYHO BLICOKHMI YPOBEHb HAaBBIKOB cOopa u
norcka uHpopmauuu. B pabore MCrONb30BaHBI COBPEMEHHBbIE MCTOYHHKH 10 HCCIIENYEMOM
obcranu, ormyOIMKOBaHHbIE BEAYIIUMH CIELHATUCTAMU B 3TOM 001acTH.

HccnenoBanue BBICTPOEHO C y4E€TOM BCEX ACMNEKTOB 3asBJIEHHOH TEeMbl, a MMEHHO:
BBINOJIHEH 0030p TMOAXONOB K OMNpENeNeHHI0 CYLUIHOCTH aHaJW3UPYEMOrO  MOHSITHS,
NPEINPUHATA MONbITKa GOPMYJHPOBKH OCHOBHBIX METOJOJOIMYECKUX MpOOJeM, NpencTaBiieH
aHaJM3 JaHHBIX PeajbHON KOMIAHMHM, OCYLIECTBJIEH aHanu3 nepcnektus. ITo kaxpoil riase
NpeNCTaBJIeHbl BBIBOABL

3HaHUs, NOJyYeHHble TNPH HANUCAHUU pa6OTbI MOTYT HMMETb HENOCPEACTBEHHOE
NPHMEHEHUE B IPAKTUYECKOH AEATEIbHOCTH.

PaboTa BbINMONHEHA Ha BBHICOKOM YPOBHE, MOCTABJIEHHBIE LIENW JOCTUTHYTHI M 33/auu
BBINOJHEHBl. PaboTa cooTBercTByeT TpeOOBaHMSAM, MpPEABSBIAEMbBIM K MAaruCTEPCKUM
AHUCCEePTaLUAM ;

3amMeyaHHsi MO MAarMCTEpPCKON AMCCEpPTaluM OTCYTCTBYIOT. OT3bIB O MAarucTepcKoii
OUCCepTaLMK U IpejJiaraemMas OLieHKa «OTINYHO» (95%).

Hayunblii pykoBoauTeib

Hoxrop Ph.D.
AccucrenT-nipodeccop
Yherfhrrea Kovmmana T. M.

(trormcs)
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