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Abstract

This article presents the results of experimental studies on the production of chromium-
nickel ferroalloy from the nickel ore of the Batamshinskoye deposit by the metallothermic
method. Boron-containing ferrosilicochromium was used as a complex reducing agent and
alloying material, and lime was applied as a fluxing component to control the composition
and basicity of the slag. Laboratory smeltings were carried out in a Tammann furnace
and an induction furnace at a temperature of 1630-1650 °C, producing slags with different
basicities—0.4, 0.5, and 0.6. It was established that the use of boron-containing ferrosil-
icochromium provides the effective reduction of nickel, chromium, and iron oxides with
the formation of a complex ferroalloy containing Fe, Cr, Ni, Si, and B. It is shown that an
increase in slag basicity contributes to a decrease in its viscosity, a reduction in the content
of chromium oxides in the slag, and an improvement in the conditions for the separation of
the metal and slag phases. The crystallization temperatures of the slags, which decrease
from 1410 to 1335 °C with an increase in basicity from 0.4 to 0.6, were determined by the
method of semi-logarithmic processing of viscosity polytherms. The slag basicity range of
0.5-0.6 is recognized as optimal for the process.

Keywords: metallothermy; chromium-nickel ferroalloy; nickel ore; Batamshinskoye
deposit; boron-containing ferrosilicochromium; reduction of oxides; Tammann furnace;
induction furnace; slag basicity; slag viscosity; crystallization temperature; boron alloying

1. Introduction

Metallothermic processes are based on the reduction of metals from their oxides using
more active reducing agents, such as aluminum, calcium, silicon, and magnesium. These
reducing agents possess high chemical activity, enabling them to displace less active metals
from their compounds. Such reactions are accompanied by significant heat evolution,
which allows them to be conducted without additional heat input, or with a minimal
amount of it. This makes metallothermy particularly effective in the production of high-
quality ferroalloys.

The main advantages of metallothermic methods include:

- High purity of the resulting product, which is especially important in the production
of alloyed and special steels;

- The possibility of precise control over the chemical composition of the alloy by select-
ing reducing agents and additives;

- The relative simplicity of the equipment used and the availability of reagents;
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- The comparatively low-energy consumption of the process.

In recent years, interest has been growing in the use of multicomponent reducing
agents containing not only reducing but also alloying elements (e.g., boron, chromium, tita-
nium, and nickel). This allows for simultaneous reduction and alloying, which simplifies
the technological process and improves the properties of the final product. Furthermore, re-
search is being conducted to develop new composite reducing agents capable of increasing
the thermodynamic efficiency of the process and reducing waste levels [1,2].

Thus, metallothermic methods remain in demand and promising in metallurgy, espe-
cially in the production of special and alloyed ferroalloys, where purity, homogeneity, and
precise composition control are essential.

The Batamshinskoye deposit is located in the Kempirsay massif within the Aktobe
region and is characterized by a predominant content of oxidized nickel ores with impurities
of iron, chromium, magnesium, and aluminum. The mineral composition mainly includes
garnierite, serpentine, limonite, as well as secondary iron oxides and clay minerals. Such
ores belong to the category of low- and medium-nickel ores with a Ni content ranging from
0.8 to 1.5%, which makes them less attractive for traditional pyrometallurgical processing
but quite promising for alternative approaches.

One of the features of the Batamshinskoye deposit ores is their high iron content, as
well as the presence of chromium, which opens up the possibility of integrated utilization of
the raw material to produce chromium-nickel ferroalloys [3-5]. Such alloys are in demand
in the production of stainless and heat-resistant steels used in mechanical engineering,
energy, and the chemical industry.

The complex mineral composition and finely dispersed structure of the ores require
the selection of an effective processing method that ensures the maximum recovery of
valuable components. Traditional methods involving a beneficiation stage are ineffective
and economically unviable in this case. In this regard, metallothermic reduction appears to
be an attractive alternative: it allows the ore to be processed without prior beneficiation,
thereby reducing overall costs and simplifying the flowsheet.

The core process of the metallothermic (specifically, silicothermic) production of the
chromium-nickel ferroalloy involves the reduction of target metal oxides (nickel, iron,
and chromium) from the ore by silicon, which is provided by the boron-containing fer-
rosilicochromium acting as a complex reducing agent. The fundamental thermodynamic
reactions of this process can be expressed as follows:

2NiO + Si — 2Ni + SiO;

2Fe,0; + 3Si — 4Fe + 3Si0,
2CryO5 + 3Si — 4Cr + 3Si0,

During smelting, the complex reducing agent also acts as an alloying material, allowing
for the direct transfer of chromium and boron into the final multiphase Fe-Cr-Ni-Si-B alloy,
while the resulting SiO, binds with the CaO flux to form the basic slag system.

The most promising direction is the application of silicothermic or aluminothermic
reduction using ferrosilicon or aluminum powder as a reducing agent. This allows not
only for the extraction of nickel but also for the utilization of iron and chromium within the
alloy composition, increasing the overall yield of commercial products [6,7]. Additionally,
metallothermic processing can be adapted to produce specific grades of ferroalloys with a
predetermined content of alloying elements.

An additional research direction could be the use of multicomponent reducing agents
containing alloying additives, as well as studying the possibility of preliminary ther-
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mochemical activation of the ore to increase the degree of nickel reduction. Thus, the
Batamshinskoye deposit represents an interesting object for implementing innovative
technologies for the integrated processing of lean nickel ores.

Silicochromium is a ferroalloy consisting of a silicon and chromium alloy, which
is traditionally used as an alloying component in the production of various grades of
alloyed and stainless steels. It provides not only the saturation of steel with chromium
and silicon but also improves its corrosion resistance, thermal stability, and mechanical
properties [8-10].

Due to the high reducing potential of silicon, silicochromium is also applied in met-
allothermic reactions as an efficient reductant. Its use allows for the partial or complete
replacement of more expensive reducing agents, such as aluminum, which significantly
reduces the cost of the process. An additional advantage is that chromium from the silic-
ochromium composition is simultaneously introduced into the resulting alloy, performing
both a reducing and an alloying function.

Of particular interest recently are boron-containing modifications of silicochromium,
into which various boron-containing compounds are introduced—ferroboron, boron car-
bides (e.g., B4C), or boron-containing slags. These additives are aimed at improving the
quality of the final ferroalloys and enhancing their performance characteristics.

Boron within the alloy structure exerts a complex influence:

- It promotes the formation of a fine-grained structure during solidification, which
positively affects mechanical properties;

- It increases the heat resistance and wear resistance of the metal;

- It improves strength characteristics at high temperatures;

- Itreduces the susceptibility to crack formation during crystallization.

The use of boron-containing silicochromium is particularly promising in the produc-
tion of special ferroalloys for heat-resistant and corrosion-resistant steels, as well as in the
field of powder metallurgy. Such materials find application in the aviation and energy
industries, as well as in the production of reactors and turbine components.

From a technological [11-13] standpoint, the use of boron-containing reducing agents
opens up new opportunities for the integrated processing of multicomponent raw materi-
als. Their implementation in metallothermic processes can be realized in both batch and
continuous furnaces, with the capability for fine-tuning the alloy composition and reducing
waste volume.

Boron is a unique [14-16] alloying element capable of significantly increasing the
strength and thermal characteristics of steels and alloys even when introduced in minor
quantities (tenths of a percent). It promotes the formation of refractory intermetallic
compounds, such as FeB, CrB, and NiB, which improve the wear resistance and thermal
stability of the resulting ferroalloys. These borides possess high hardness and resistance
to aggressive media, which is especially important for materials operating under extreme
conditions [17,18].

From a metallurgical perspective, boron influences not only the structure of the final
product but also the metallothermic reduction process itself. The introduction of boron into
the reducing agent composition is capable of modifying the reduction kinetics: the reaction
onset temperature decreases, the reaction rate increases, and the composition and viscosity
of the slag change. Boron-containing compounds can also act as fluxes, facilitating slag
separation and contributing to more complete metal reduction from complex oxidized ores.

The use of boron-containing [19,20] reducing agents is particularly relevant when pro-
cessing difficult-to-beneficiate and lean ores containing iron, nickel, chromium, titanium,
and other refractory elements. Under such conditions, boron helps to stabilize the mi-
crostructure and minimize the formation of undesirable phases during alloy crystallization.

https://doi.org/10.3390 /met16070775


https://doi.org/10.3390/met16070775

Metals 2026, 16, 775

40f12

Modern studies confirm the effectiveness of using boron-containing reducing agents;
however, comprehensive works covering thermodynamic analysis, phase transformations,
microstructural modeling, and performance characteristics of the resulting ferroalloys si-
multaneously remain limited. This creates prerequisites for further scientific research aimed
at unlocking the potential of boron as a functional element in metallothermic technology.

Thus, the use of boron-containing reducing agents in metallothermic reduction repre-
sents not only a technically justified but also a scientifically promising direction, especially
given the growing demands for high-quality alloyed steels in mechanical engineering,
energy, and the aerospace industry [21].

Metallothermic reduction is based on the use of chemically active metals to displace
less active metals from their compounds, predominantly oxides. In metallurgy, this technol-
ogy is utilized to extract metals from difficult-to-beneficiate and low-grade ores, as well as
to obtain ferroalloys with a specified composition [18]. The peculiarity of the process lies in
its high thermodynamic efficiency and the possibility of reactions occurring with minimal
external heat input due to the exothermic nature of most reduction reactions [22,23].

2. Materials and Methods

The nickel ore of the Batamshinskoye deposit, boron-containing ferrosilicochromium,
and lime were used as raw materials. Boron-containing ferrosilicochromium was used as
a reducing agent and alloying material, and lime was applied as a fluxing component to
control slag basicity.

Laboratory smeltings were carried out in a Tammann furnace (manufactured in Yeka-
terinburg, Russia) and an induction furnace at a temperature of 1630-1650 °C. The charge
was loaded into a graphite crucible; the process was conducted in a neutral atmosphere
with argon purging. The holding time at the maximum temperature was 30 min. Three
variants of slags with CaO/S5iO, basicity were investigated: 0.4, 0.5, and 0.6.

After cooling, the smelting products were separated into metal and slag phases, fol-
lowed by their chemical analysis. Additionally, the viscosity and crystallization temperature
of the resulting slags were studied using an electrovibrational viscometer (manufactured in
Yekaterinburg, Russia). The crystallization temperature was determined by the method of
semi-logarithmic processing of viscosity polytherms Microsoft Excel software.

3. Research Results

To conduct experimental studies on the development of a smelting technology for a
nickel-chromium-containing alloy, three main components were used: nickel ore from the
Batamshinskoye deposit, boron-containing ferrosilicochromium as a reducing agent and
alloying material, and lime performing the function of a fluxing component. The selection
of materials was carried out taking into account their chemical composition and expected
activity under conditions of metallothermic smelting.

Nickel ore represents a complex natural raw material with a high content of iron and
silica, as well as significant amounts of nickel, chromium, and magnesium oxides. Such a
combination makes it a promising object for obtaining chromium-nickel alloys without
prior beneficiation. The high content of SiO, and MgO indicates the need to adjust the slag
composition to achieve optimal melting conditions.

Boron-containing ferrosilicochromium is a modified reducing agent that simultane-
ously contains an active reducing component (silicon), an alloying element (chromium),
and a structure modifier (boron). Due to the high Si content (up to 41%), it effectively
reduces metal oxides, and the presence of boron (0.6%) contributes to the improvement of
the structural and mechanical properties of the resulting alloy.
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Lime, presented in the form of calcined CaO, plays the role of a slag-forming compo-
nent. The high CaO content (more than 74%) ensures a decrease in the melting temperature
of the slag, improves its fluidity, and promotes better separation of the metal phase. Fur-
thermore, lime binds acidic oxides such as 5iO, and P,Os, forming stable compounds in
the slag.

For the successful execution of metallothermic smelting and the production of a high-
quality chromium-nickel ferroalloy, it is necessary to correctly calculate the composition
of the charge to be used in the melting process. The charge is a mixture of raw compo-
nents prepared for introduction into a high-temperature furnace. The composition of the
charge depends on many factors, including the chemical composition of the raw materials,
requirements for the final product, and specific features of the smelting process.

An important aspect is also the optimization of the slag composition, which affects
the efficiency of metal reduction and the process of metal phase separation. In the course
of metallothermic smelting, boron-containing ferrosilicochromium (FeSiCrB) is used as
a reducing agent. This material possesses a high content of silicon (5i), which effectively
reduces metal oxides, including nickel and chromium oxides. It is important that the slag
formed during the smelting process has sufficient basicity to sustain the reduction of metals,
but is not overly alkaline to avoid causing excessive activation of the reduction (which
could lead to redundant metal losses).

A slag basicity of 0.5 creates a balanced interaction between the reducing agent and
the slag, which promotes sufficient activity for the reduction of oxides while not creating
overly aggressive conditions for excess reduction. This is particularly important when
working with nickel-containing ores, which may be prone to the formation of undesirable
oxides at excessively high temperatures and redundant activity. The chemical composition
of the charge materials is given in Table 1.

Table 1. Chemical composition of charge materials.

Material Designation

Chemical Composition, %
CI‘203 NiO Fe203 Si02 A1203 MgO CaO P205 LOI

Nickel ore (specified 6.92 1 19.65 4785 472 1485 438 0010 -
composition)

Lime - - 0.5 1.56 0.4 0.48 74.20 0.003 20.70
Boron-containing Al Si Cr B Fe
ferrosilicochromium 1.60 40.55 36.20 1.52 20.13

To establish the fundamental possibility of using complex boron-containing ferrosilic-
ochromium, laboratory tests on the smelting of a nickel-chromium-containing alloy were
carried out in a Tammann furnace (Figure 1) and in an induction furnace (Figure 2), de-
signed for a temperature regime of up to 1700 °C. The charge calculation was performed
taking into account the production of slags with various basicities. The series of experi-
ments conducted consisted of three variants differing in the slag basicity value (CaO/SiO,):
0.4, 0.5, and 0.6. The composition of the crucible sample weight is presented in Table 2.
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Figure 2. Induction furnace during the smelting of a nickel-chromium-containing ferroalloy.

Table 2. Composition of the crucible sample weight.

Material Designation Composition of the Crucible Charge, g

Basicity 0.4 Basicity 0.5 Basicity 0.6
Nickel ore 50 50 50
Lime 14.38 18.85 23.15
Boron-containing ferrosilicochromium  9.22 9.22 9.22

The charge was loaded into a graphite crucible and placed into the furnace; the crucible
was purged from above with argon to prevent metal oxidation, and the temperature was
raised to the set point. Temperature control was carried out using a tungsten-rhenium
thermocouple WR-5/20 with an accuracy of 20 °C.

Experimental conditions are as follows:

- Smelting temperature: 1630-1650 °C;
- Holding time at the maximum temperature: 30 min;
- Atmosphere: neutral (argon purging);
- Charge amount per smelting: 74-82.5 g;
- Number of smeltings: 6 (in 3 modes, with 2 replicates each).
After the completion of the smelting process, the crucible was removed and cooled
for 2 h. The metal phase was separated from the slag phase mechanically. The resulting

smelting products were subjected to chemical analysis, the data of which are presented in
Tables 3 and 4.
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Table 3. Chemical analysis of the metal obtained in the induction furnace and Tammann resistance

furnace.

Metal, Experiment N¢ in

Chemical Composition, %

the Tammann Furnace Ni Si Cr B Fe

1 3.40 5.88 34.86 0.89 55.03
2 3.42 6.02 34.78 0.90 54.88
3 3.46 5.94 34.92 0.90 54.78
Metal, Experiment N in Chemical composition, %

the Induction Furnace Ni Si Cr B Fe

1 3.58 3.18 35.46 0.91 56.87
2 3.64 3.33 35.58 0.92 56.53
3 3.61 3.29 35.37 0.91 56.82

Table 4. Chemical analysis of the slag obtained in the induction furnace and Tammann resistance

furnace.

Slag, Experiment

Chemical Composition, %

Mt in the Tammann Furnace  SiO, Al O3 MgO CaO B,O3 Cr,03 P,05
1 (Basicity 0.4) 56.08 4.86 12.93 24.47 0.28 1.09 0.009
2 (Basicity 0.5) 53.02 4.53 12.74 28.29 0.27 1.06 0.009
3 (Basicity 0.6) 50.48 444 12.60 31.15 0.26 1.03 0.009
Slag, Experiment Chemical composition, %

M in the Induction Furnace  SiO, Al O3 MgO CaO B,O3 Cr,03 P,05
1 (Basicity 0.4) 58.92 478 12.79 22.52 0.26 0.86 0.009
2 (Basicity0.5) 56.18 4.57 12.72 25.55 0.25 0.79 0.009
3 (Basicity 0.6) 52.62 4.67 12.75 29.13 0.25 0.73 0.009

The laboratory smeltings conducted in the Tammann furnace and the induction furnace
confirmed the possibility of efficiently producing a chromium-nickel ferroalloy using boron-
containing ferrosilicochromium as a complex reducing agent and alloying material.

The obtained metal phases are characterized by a high content of chromium (up to 35%)
and iron (more than 55%), as well as a stable concentration of boron (about 0.9%), which
indicates its successful incorporation into the alloy composition and partial distribution
between the slag and the metal. It was established that increasing the slag basicity from
0.4 to 0.6 promotes a decrease in the content of silica and chromium oxides in the slag,
thereby improving the recovery of valuable components and facilitating the separation of
the slag phase.

At the same time, the best indicators for reducing residual silicon in the metal and
recovering chromium and iron were achieved in the induction furnace, which is associated
with a more stable temperature regime and uniform heating of the charge. Thus, optimizing
the slag basicity and choosing a suitable smelting unit are key factors for increasing the
process efficiency and the quality of the resulting ferroalloy.

One of the critically important aspects determining the efficiency and economy of
smelting is the properties of the slag, in particular, its viscosity and crystallization (melt-
ing) temperature.

Optimal slag viscosity ensures good kinetics of reduction reactions, promotes the
coalescence (clumping) of metal droplets and their settling, and ensures high-quality
separation of the metal and slag phases. High viscosity hinders these processes, leading to
metal losses in the slag and the formation of slag inclusions in the alloy. The crystallization
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temperature must be lower than the metal smelting temperature so that the slag remains
liquid and can be removed from the furnace without solidification.
The viscosity of molten oxide systems is influenced by:

- Temperature—with increasing temperature, viscosity decreases exponentially.
- Chemical composition—basic, acidic, and neutral oxides form the structure of the slag.

Basic oxides (CaO, MgO): At moderate concentrations, they decrease viscosity by
breaking silicate bonds. Acidic oxides (SiO;, Al,O3): They increase viscosity by forming
complex polymeric anionic structures. Neutral oxides (FeO, CryO3): They can behave as
basic or acidic depending on the slag composition. Basicity (B) is a key parameter describing
the ratio of basic to acidic oxides. In this case, a simple ratio is used: B = CaO/SiO;, The
optimal basicity (typically in the range of 0.5-0.8 for these processes) allows a slag to be
obtained with an acceptable melting temperature and low viscosity.

Experimental determination of the viscosity of slag melts was carried out on an electric
vibration viscometer in a Tammann resistance furnace. To ensure high-temperature mea-
surements in an oxidizing atmosphere, molybdenum equipment (a crucible and measuring
elements) resistant to the aggressive action of the melt was used.

Temperature control during the experiments was carried out with high accuracy using
a tungsten-rhenium thermocouple of the WR-5/20 type. The sensitive element of the
thermocouple was installed in the immediate vicinity of the test sample, in the lower part
of the crucible, which ensured reliable recording of the slag temperature.

The obtained experimental data (Figure 3) indicate the influence of the slag composi-
tion on its viscosity. With a temperature increase from 1400 to 1450 °C, the viscosity of the
slag with a basicity of 0.6 is 2-2.5 times lower than the viscosity of the slag with a basicity
of 0.4 and is at the level of 0.8-1.4 Pa-s. Due to the boron addition, the temperature range
of crystallization expands.

=@= Viscosity B=04
300 + Viscosity B = 0.5
=@~ Viscosity B = 0.6

[y] oo

[=] i

(=] L~
1 L

Viscosity, Pa-s
>
S

100 4

50 1

T T ? . T —
1250 1300 1350 1400 1450 1500
Temperature, °C

Figure 3. Temperature dependence of the obtained slags with various basicity values (0.4-0.6).

With an increase in basicity from 0.4 to 0.6, the content of the basic oxide CaO naturally
increases in the slag (from 23-25% to 29-31%) and the content of the acidic oxide SiO,
decreases (from 56-59% to 51-53%). Such a slag composition with a basicity of 0.5-0.6 is
preferable from the standpoint of viscosity. CaO acts as a modifier, breaking the long chains
of silicon-oxygen tetrahedra (SiO4*~), which reduces the viscosity of the slag melt.
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To establish the temperature range of slag crystallization (solidification), a method
of semi-logarithmic processing of viscosity polytherms was applied (Figure 3). This ana-
lytical approach is based on plotting the dependence of the logarithm of viscosity on the
inverse temperature (1/T, K~!). This method is based on the fact that the crystallization
process disrupts the smooth, predictable change in the melt viscosity, causing an anomaly
(inflection) on the graph. The goal is to detect this anomaly mathematically.

For a liquid melt in the temperature range above the liquidus, the temperature depen-
dence of viscosity is typically described by an equation of the type:

n=A xexp (Ea/(R x T))

where
n—dynamic viscosity;
A—pre-exponential factor;
E,—activation energy of viscous flow;
R—universal gas constant;
T—absolute temperature.
Taking the natural logarithm of both sides of the equation yields a linear relationship:

In(n) =In(A) + (Ea/R) x (1/T) 1)

Thus, in the coordinates In(n)versus (1/T), the behavior of a purely liquid melt is
approximated by a straight line. The appearance of a crystalline phase in the melt sharply
increases its structural viscosity, causing a deviation from this linear dependence. The point
of deviation (inflection) corresponds to the onset of crystallization. The data obtained are
presented in Table 5 and Figure 4.

For the slag with a basicity of B = 0.4, the crystallization temperature is 1410 °C
(1683 K). The most pronounced inflection occurs between 1400 °C and 1425 °C.

For the slag with a basicity of B = 0.5, the crystallization temperature is 1370 °C
(1643 K). A clear inflection is observed between 1350 °C and 1400 °C. The drop in In(n)
from 1.87 to 0.69 is significantly larger than in the adjacent sections.

Table 5. Calculated data of the dependence of the logarithm of viscosity on the inverse temperature.

L°C TK VT x 10¢ }g(;] )0.4) }E(;' )0.5) }g(z )0.6)
1250 1523 6.566 5.7038 4.6821 4.1109
1275 1548 6.46 4.9416 3.9318 3.3322
1300 1573 6.357 4.2485 3.2189 2.5649
1325 1598 6258 35553 24510 18718
1350 1623 6.161 2.8332 1.8245 1.2528
1375 1648 6.068 21282 1.0986 05878
1400 1673 5.977 1.2528 0.6419 0.2624
1425 1698 5.889 0.9555 0.4383 0.0488
1450 1723 5.804 0.6981 0.2624 —0.2744
1475 1748 5.721 0.4700 0.0953 —0.5621
1500 1773 5.64 02624 01508 —0.8439
1525 1798 5562 00513 04620  —1.3093
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Figure 4. Dependence of the logarithm of slag viscosity on the inverse absolute temperature (the
activation energy was calculated for the temperature interval of 1667-1798 K).

For the slag with a basicity of B = 0.6, the crystallization temperature is 1335 °C
(1608 K). The inflection is less pronounced but can be traced between 1300 °C and 1350 °C.
The increase in viscosity slows down, which may indicate the onset of crystallization.

Influence of crystallization temperature: Slag with a high SiO, content (acidic) typically
has a high crystallization temperature. The introduction of CaO shifts the composition
toward lower-melting compounds (e.g., calcium silicates). Therefore, increasing the basicity
from 0.4 to 0.6 lowers the crystallization temperature of the slag, promoting its better
fluidity and facilitating its removal from the furnace.

The experimental data obtained for different slag basicities are presented in Table 5.
The activation energy of the viscous flow of the slag was calculated based on the linear seg-
ment of the Arrhenius plot in the temperature interval of 1667-1798 K (which corresponds
to 1/T * 10* values from 5.6 to 6.0)

Low slag viscosity promotes the diffusion of the reducing agent (silicon) to the oxide
particles and the outflow of the formed metal droplets. This is confirmed by the data:
with increasing basicity (and, consequently, decreasing viscosity), the content of chromium
oxide (CryO3) in the slag decreases (from 1.12% to 1.05% in the Tammann furnace and
from 0.87% to 0.74% in the induction furnace). This indicates a more complete reduction of
chromium and its transition into the metal phase due to improved kinetic conditions in the
less viscous slag.

It has been experimentally established that the viscosity of the slag melt decreases ex-
ponentially with increasing temperature and decreases with increasing basicity in the range
of B = 0.4-0.6. Using the method of semi-logarithmic processing of viscosity polytherms,
the crystallization temperatures of the slags were determined: 1410 °C (B = 0.4), 1370 °C
(B=0.5) and 1335 °C (B = 0.6).

It is shown that increasing the slag basicity to the level of 0.5-0.6 is technologically
expedient, as it leads to the formation of a low-melting and low-viscosity melt.

The improvement in the rheological properties of the slag with increasing basicity
directly correlates with an increase in the degree of chromium reduction and a decrease in
its content in the final slag, which confirms the critical role of mass transfer in the course of
metallurgical reactions.

Thus, to ensure high technical and economic indicators of the smelting, it is recom-
mended to conduct the process with a slag that has a basicity level of 0.5-0.6.
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4. Conclusions

1. The aim of the work was an experimental study of the process of obtaining a
chromium-nickel ferroalloy from the nickel ores of the Batamshinskoye deposit by a
metallothermic method using boron-containing ferrosilicochromium as a reducing
agent and alloying material, as well as the determination of the optimal parameters of
slag formation.

2. A theoretical and experimental analysis of the metallothermic process was carried out.
It was established that the use of boron-containing ferrosilicochromium allows for the
efficient reduction of nickel, chromium, and iron oxides, ensuring the formation of a
complex ferroalloy with simultaneous boron alloying.

3. The obtained alloys contain, as a %: 54.8-56.9 Fe; 3.3-3.6 Ni; 3.2-6.0 5i; 34.8-35.6 Cr;
0.89-0.92 B. The most stable and high-quality results were obtained during smelting
in an induction furnace, which ensures uniform heating and stability of the tempera-
ture regime.

4. Investigations into the viscosity and crystallization temperature of the furnace slags
were performed. It was experimentally established that the viscosity of the slag melt
decreases exponentially with increasing temperature and decreases with increasing
basicity in the range of B = 0.4{—}0.6. Using the method of semi-logarithmic processing
of viscosity polytherms, the crystallization temperatures of the slags were determined:
1410 °C (B =0.4), 1370 °C (B = 0.5), and 1335 °C (B = 0.6). It is shown that increasing
the slag basicity to the level of 0.5-0.6 is technologically expedient, as it leads to the
formation of a low-melting and low-viscosity melt.

5. Thus, the performed theoretical and experimental studies confirmed the technological
feasibility and efficiency of the metallothermic production of a boron-containing
chromium-nickel ferroalloy. The results can be used for further laboratory and
industrial development of the technology and its commercial implementation.
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