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Sykhoy K.M., Proidak Yu.S.
On the 100th Anniversary of the Department of Electrometallurgy

The article reflects the origin and development of the electrometallurgical industry in Ukraine. The emphasis is placed on
the role of the Department of Electrometallurgy at the Dnipro Metallurgical Institute in this process. The Department of
Electrometallurgy was established in 1925. This was facilitated by the leading role of scientists, professors, doctors of
technical sciences Telnyi S. 1., Khytryk S. ., Hasyk M. I., who made a significant contribution to the development of the
electrometallurgical industry in Ukraine and the training of highly qualified specialists. In the article, the key stages of
formation and development of electrometallurgy have been outlined, and the crucial role of scientists and teachers of the

Department has been stated.

Keywords: electrometallurgy of steel and ferroalloys, abrasive and carbon-containing materials, non-ferrous metallurgy.

Telny S. I.

The Department of Electrometallurgy was orga-
nized as part of the Katerynoslav Mining School.

At the opening of the school in 1899, its faculty
numbered 13 members. It should be noted that in the
early years of the Katerynoslav Higher Mining School
there were no departments as such, in the school there
were two divisions — Mining and Factory - where the
so-called cabinet system of education was imple-
mented [1]. Mykhailo Oleksandrovych Pavlov, a grad-
uate of the St. Petersburg Mining Institute and a met-
allurgical engineer, was invited to serve as Head of the
Factory Department of the school and the full professor
of metallurgy. By that time, he had established himself
as a highly qualified and creative specialist.

Before that, he had been sent to a number of Euro-
pean enterprises to study industrial experience. In
1893, he visited Berlin, Paris, London, Milan, Venice
and Vienna and familiarized himself with the work of
Swedish metallurgical plants. This trip significantly en-
riched M.A. Pavlov as an engineer and metallurgical
specialist.

Thus, M. A. Pavlov laid the foundation for metallur-
gical education in Katerynoslav and in Ukraine as a
whole [2]. From the very first years of training special-
ists, the school paid great attention to chemical educa-
tion, realizing that metallurgy was high-temperature
chemistry.

Sykhoy K.M. Rector Ukrainian State University of Science and Technologies,
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In 1900, the board of the school elected the re-
nowned scientist P. H. Rubin as the head of the metal-
lurgy cabinet.

At the beginning of 1905, he was appointed as Act-
ing Extraordinary Professor. He gave lectures on pig
iron metallurgy, fuels, non-ferrous metallurgy, and
metallography, as well as supervised graduates’ the-
ses.

As part of the steel metallurgy course in 1917, a
section on electrometallurgy was introduced, focusing
on metal smelting in electric arc furnaces. Stepan
Ivanovych Telnyi was the founder of this course and
the first lecturer. He graduated from the Factory divi-
sion in 1914 and was retained as a scholarship holder
to continue his research work. Under his active involve-
ment and guidance, an electrometallurgical laboratory
was established, where he, together with Professor
H. Ye. Yevreinov developed the first electric steelmak-
ing furnace with a rotating voltaic arc. In 1920, he was
appointed Assistant Professor of this department, and
from January 1, 1925 he became a Professor and
head of the first in the country Department of Electro-
metallurgy. It should be said that at that time there was
no research on the application of electricity in metal-
lurgy for metal smelting in the country at all, so
S. I. Telnyi is rightfully considered the founder of the
national scientific school of electrometallurgy.

Doctor of Technical Sciences, Professor,
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The first records of electric steelmaking in Ukraine
date back to 1913. The Novokonstantynivka and
Makiivka steel plants each had one electric furnace
with a capacity of 0.5 tons.

The introduction of electric steelmaking gave impe-
tus to the development of electric furnace construction
in various regions of the Russia of that time. Ukrainian
scientists were at the forefront of this process, includ-
ing the first head of the Department of Electrometal-
lurgy at the Dnipro Metallurgical Institute, Doctor of
Technical Sciences, Professor, Honored Worker of
Science and Technology Stepan Ivanovych Telnyi
(1890-1962).

His 1914 diploma project on electrometallurgy was
awarded a prize by the Council of the Mining Institute,
which decided to retain S. I. Telnyi at the Department
of Metallurgy to prepare him for teaching and research
as a professor’s scholarship holder. Already in those
years, the young scientist demonstrated his wide
range of knowledge. In 1914, together with Professor
of Chemistry L. V. Pisarzhevskyi, he published an arti-
cle on electrochemistry entitled “Electrolytic Method of
Obtaining Solid lodine from Solution.” Later, S. I. Tel-
nyi devoted himself to the development of electromet-
allurgical furnaces, which was greatly facilitated by a
research trip to the Kyiv Polytechnic Institute (KPI),
where he worked under the supervision of Professor
V. P. Izhevskyi.

Such rapid career growth was facilitated by out-
standing scientific achievements. In 1919, the first arc
steelmaking furnaces designed by H.S. Yevreinov
and S. I. Telnyi were installed in the Katerynoslav rail-
way workshops and at the metallurgical plant in
Katerynoslav. The results of the furnaces’ operation
were successful.

As noted in the book “The Development of Electro-
thermal Engineering,” S. I. Telnyi’s idea attracted at-
tention of many scientists, along with L. I. Morozen-
skyi’s invention of a device for arc control and simulta-
neous metal stirring. On this basis, in the 1940s, de-
vices for electromagnetic stirring of liquid metal in elec-
tric furnaces were developed in Sweden, which were
used for several decades to equip most large arc fur-
naces.

The staff of the Department was gaining recognition
within the scientific community, and new young engi-
neers joined the Department. In 1924, the Central Dis-
trict Electrotechnical Trust established a group at the
Kharkiv Electromechanical Plant to organize the pro-
duction of domestic electric furnaces, headed by elec-
trometallurgist L. |. Aronov and designer A. P. lonov.
In the history of electrothermal technology develop-
ment, 1925 was marked as the year of creation of the
first industrial electric steelmaking furnace designed by
L. I. Aronov and A. P. lonov with a transformer capac-
ity of 2000 kW and a capacity of 250 kg, which was
characterized by more advanced technical solutions
compared to foreign models. In 1926, the German
company AEG purchased licenses from the State
Electrotechnical Trust for the right to construct such
furnaces in Europe.
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Starting from 1925, the need arose for rapid devel-
opment of steel electrometallurgy and its quality basis,
the electro-ferroalloy industry. In the early 20s, there
were only a few ferroalloy furnaces with a capacity of
280-1000 kV-A for the production of ferrosilicon and
ferrochromium, so there was a need to further develop
the domestic ferroalloy industry.

At this time, in 1926, Spyrydon Yosypovych Khytryk
(1895-1980), the future patriarch of the Ukrainian sci-
entific school of ferroalloy production, Honored Worker
of Science and Technology of the Ukrainian SSR, Pro-
fessor, Doctor of Technical Sciences, graduated from
the Mining Institute with a degree in Electrometallurgy
of Steel and Ferroalloys.

For his excellent academic performance and suc-
cessful defense of his diploma project in electrometal-
lurgy, after graduating from the institute in 1926,
S. Y. Khytryk was invited to take the position of assis-
tant at the Department of Electrometallurgy at the
Dnipropetrovsk Mining Institute. In connection with the
separation of the metallurgical faculty of the Dniprope-
trovsk Mining Institute into an independent multidisci-
plinary Dnipropetrovsk Metallurgical Institute (DMetl) in
1930, S. Y. Khytryk transferred to DMetl initially as an
assistant and then as an associate professor at the De-
partment of Electrometallurgy. At the same time, he
was engaged in extensive social and scientific work.
From 1932, he worked for eight years in the editorial
office of the journals “Robochyi Metalurh”, “Domez”
and “Theory and Practice of Metallurgy” as a scientific
secretary, deputy editor, and editor-in-chief. Notably,
the journal “Theory and Practice of Metallurgy” is the
oldest scientific publication of the Ukrainian metallurgi-
cal industry, having been published since 1928.

In 1930, Mykola Makarovych Chuyko, a graduate
of the Minsk Polytechnic Institute, joined the Depart-
ment and later became a leading scientist in the field
of steel electrometallurgy. At that time, S. I. Telnyi was
appointed Dean of the Metallurgical Faculty and a de-
sign consultant at Dnipro Industrial Complex, and the
Department of Electrometallurgy became a truly na-
tional center for training electrometallurgical special-
ists.

Graduates of the Department of Electrometallurgy
of DMetl stood at the origins of the formation and de-
velopment of domestic electrometallurgy, including the
Ukraine’s first electrometallurgical enterprises —
Dniprostal (now Dneprospetsstal) and a ferroalloy
plant in Zaporizhzhia.

In 1925, a group of metallurgists working on the
problem of Dniprobud as part of a commission headed
by I. H. Oleksandrov put forward a project to organize
and construct a ferroalloy plant in Zaporizhzhia (for-
merly Oleksandrivsk) utilizing the low-cost electricity
from the Dnipro hydroelectric power station.

Since 1928, and more specifically with the con-
struction of the Dnipro hydroelectric power station, the
steel and ferroalloys industry began to emerge as an
independent sub-industry. During the first five-year
plan (1928-1932), two electric arc steelmaking fur-
naces were put into operation at the Dneprostal plant
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(since 1939, Dneprospetsstal, Zaporizhzhia), along
with two ore-reduction ferroalloy electric furnaces at
Zaporizhzhia Ferroalloy Plant.

The first foundation of Dniprostal (now
Dniprospetsstal, Zaporizhzhia) was laid on April 22,
1931, and on October 10, 1932, on the day of the cer-
emonial opening of the Dnipro hydroelectric power sta-
tion, the first smelting was produced using Dnipro
power.

From the first years of the plant’s operation, the sci-
entific research conducted by the Department and its
graduates has been related to the development of var-
ious steel grades, improvement of existing technologi-
cal processes, development of theoretical foundations
and deepening of the theory of deoxidation, refining,
and alloying of a wide range of electrometallurgical
steels. An outstanding metallurgical scientist, Doctor of
Technical Sciences, Professor M. M. Chuyko was al-
ways at the head of most of these developments. His
contribution to the formation and development of
Ukrainian electric steelmaking science and technology
is invaluable. The beginning of his scientific career co-
incided with the first years of operation of the first
Ukrainian specialized steel production plant— Dnepro-
spetsstal. M. M. Chuyko dedicated nearly his entire life
to the establishment and development of scientific re-
search and the improvement of technological pro-
cesses at this enterprise.

Other electrothermal production facilities were es-
tablished on the basis of the Dnipro hydroelectric
power station. In 1932, the construction of the Dnipro
Aluminum Plant, consisting of three plants — an alu-
mina plant, an electrolytic plant, and an electrode plant
with alumina from its own production — continued at a
rapid pace. At that time, the electrode plant produced
its first products — anodes, coal blocks and anode
paste — in October 1933. In June of the same vyear,
Dnipro Aluminum Plant was launched without the par-
ticipation of foreign specialists.

The invaluable contribution of the Department of
Electrometallurgy to the development of scientific foun-
dations, the design, implementation and improvement
of electrothermal equipment and technological pro-
cesses for the production of a wide range of special
electric steels and various types of ferroalloys, as well
as the training of electrometallurgical engineers for al-
most the entire country, was widely recognized by the
scientific community. Notably, the Department of Elec-
trometallurgy played a leading role in the establish-
ment of the Ukrainian scientific school of electrometal-
lurgy, which led to the scientific and professional
growth of its leading members.

In 1932, S. I. Telnyi was appointed Deputy Director
for Research at DMetl, and in 1934 he became Deputy
Director for Academic Work, the positions he held until
1939, while also managing the Department of Electro-
metallurgy. In 1936, by the decision of the Higher At-
testation Commission, S. I. Telnyi was awarded the
academic title of Professor, and in 1937, without de-
fending his dissertation, he was awarded the degree of
Candidate of Technical Sciences. S.Y.Khytryk
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defended his Candidate’s dissertation in 1936 and in
the same year he was awarded the academic title of
Associate Professor of the Department of Electromet-
allurgy. In 1939, M. M. Chuyko defended his Candi-
date’s dissertation and was also elected to the position
of Associate Professor.

The pre-war period was marked by the rapid devel-
opment of the electrometallurgy of steel and ferroalloys
worldwide. The country was ranked first in the world in
the production of electric steel and ferroalloys (1940),
and this is due in no small part to the scientists and
faculty of the Department of Electrometallurgy of the
DMetl. Between 1924 and 1941, about 200 electromet-
allurgical engineers were trained, who successfully
worked in the most responsible positions in ministries,
factories, research, design, and educational institutes.

The Great Patriotic War (1941-1945) was a
severe trial for the entire Ukrainian people. Nearly all
major plants were evacuated to the east, along with
some of the highly skilled engineers and skilled work-
ers in the leading smelting specialties.

Between July and October 1941, all the equipment
of the ferroalloy plant and Dneprospetsstal was evac-
uated from Ukraine. This equipment was used to put
into operation electric steelmaking and rolling mills in
the east, and in 1942, the ferroalloy production facility
was put into operation.

Serving as Deputy Head of the Technical De-
partment, S. Y. Khytryk headed all research work on
improving the technology for producing ferrochrome,
silicochrome, and ferrosilicon. For the first time, the
technology was developed for producing low-carbon
ferrochrome by blowing ferrochrome with air in a con-
verter, for producing ferrotungsten from domestic ores,
as well as for creating alloys so necessary for the front
and victory.

During this period, M. M. Chuyko headed the
electrometallurgical laboratory at the plant and lectured
at the Siberian Metallurgical Institute, while also lead-
ing research on the development and improvement of
armor steel production technology for tanks.
S. Y. Khytryk and M. M. Chuyko were awarded high
governmental awards for their wartime efforts.

After the liberation of Dnipropetrovsk from the Ger-
man occupation in October 1943, the DMetl began to
revive, with the Department of Electrometallurgy as
one of its main divisions.

In October 1943, after the liberation of Za-
porizhzhia, work began on the restoration of the Za-
porizhzhia Ferroalloy Plant. As early as August 1944,
the plant organized calcium carbide smelting for con-
struction and reconstruction work at enterprises in Za-
porizhzhia, Donbas, and Kryvyi Rih. By 1950, the pro-
duction of electric steel and ferroalloys reached the
pre-war level. The era of rapid development of
Ukraine’s industrial potential began, and new pro-
cesses and materials were created, in the develop-
ment of which the Department of Electrometallurgy
played a significant role [3].

In January 1944, S. Y. Khytryk was appointed Act-
ing Head of the Department of Electrometallurgy.
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Based on the results of ongoing research,
S. Y. Khytryk developed the theory of energy and ma-
terial balance in ferroalloy electric smelting, the theory
of vacuum refining of chromium alloys, and introduced
and implemented the technology of vacuum treatment
of liquid ferrochrome in a ladle at leading industrial
plants. These achievements allowed him to success-
fully defend his Doctoral Dissertation in 1953. In 1954,
he was awarded the degree of Doctor of Technical Sci-
ences and the title of Professor at the Department of
Electrometallurgy. From 1953 to 1962, working as
Vice-Rector for Research at the DMetl, S. Y. Khytryk
dedicated significant efforts to the establishment and
advancement of science at the institute, while remain-
ing Head of the Department of Electrometallurgy [4].

The development of the nuclear industry required
the creation of new structural materials, which in many
cases are based on chromium steels and alloys with
exceptionally low carbon content and minimum per-
missible content of harmful impurities (S and P) and
gases (N2 ta H2). The Department was prepared to
meet that challenge. Research was conducted in two
areas — vacuum treatment of chromium alloys in liquid
and solid states. The second direction particularly cap-
tivated the young scientist Mykhailo lvanovych Hasyk,
the future academician of the National Academy of Sci-
ences of Ukraine, Professor, Doctor of Technical Sci-
ences, future Head of the Department of Electrometal-
lurgy. At the beginning of the 60s (1962-1964), the De-
partment’s research staff included about 60 research-
ers and engineers.

The rapid growth of scientific potential could not but
affect the Department’s research outcomes, expand-
ing its scientific interests and the scope of application
of the accumulated scientific experience. A special
group was created at the Department to deal with clas-
sified topics on the production of ultra-low-carbon chro-
mium steels for pipe assortment [5].

M. I. Hasyk played a leading role in the scientific
substantiation and search for alternative materials to
replace bauxite in the domestic abrasive industry and
alumina production. At the same time, he continued to
work on the theoretical aspects of solid-phase refining
of ferrochrome; established regularities between the
maximum carbon content, metal oxidation levels and
the degree of removal of harmful impurities and gases;
developed technological regulations for a three-stage
process; provided initial data for the creation of a
unigue vacuum processing unit and supervised its cre-
ation, development and industrial implementation. He
achieved significant success in obtaining high-quality
super-refined chromium-based alloys used in the nu-
clear industry.

Summarizing the obtained results, M. I. Hasyk
defended his doctoral dissertation in 1968, and a year
later, in 1969, he was awarded the academic title of
Professor at the Department of Electrometallurgy.

Electric steelmaking production was becoming
increasingly predominant in specialized metallurgical
plants and heavy and medium engineering plants,
such as Kharkiv Malyshev Plant, Novo-Kramatorsk
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Machine-Building Plant, Nikopol Pivdennotrubnyi
Plant, Dnipropetrovsk Pipe Rolling Plant, Sumy Oil and
Gas Pipe Plant, Kremenchuk Steel Plant, Kryvyi Rih
Central Ore Repair Plant, Dnipropetrovsk Switch Plant,
Kramatorsk Energomashspetsstal Plant, and others.

Due to shifts in the structure of smelted steel and in
the methods of its production, as well as an increase in
the share of low-alloy and alloy steels, it became nec-
essary to expand the production of ferroalloys. For this
reason, it was decided to construct two ferroalloy
plants in Ukraine — the Stakhanov Ferroalloy Plant, for
the production of ferrosilicon of various grades, and the
Nikopol Ferroalloy Plant, for the production of manga-
nese alloys.

The Department of Electrometallurgy at DMetl
gained a reputation as one of the country’s largest cen-
ters for research and personnel training in the field of
electrothermal production. It established close scien-
tific ties and conducted joint research with the Geor-
gian Polytechnic Institute and the Institute of Metal-
lurgy of the Academy of Sciences of the Georgian
SSR. Highly appreciating the scientific achievements,
they sent their students to the department for scientific
internships and theoretical experiments. The depart-
ment became an all-Union training highly hub for highly
gualified electrometallurgical specialists.

Young scientists from Kazakhstan came to the De-
partment to test their research, receive evaluations on
its value and significance, and obtain recommenda-
tions for their dissertation defenses.

At that time, the construction of one of the world’s
largest ferroalloy plants, the Nikopol Ferroalloy Plant,
began.

For Ukraine, which has globally significant manga-
nese ore reserves, the decision to construct a manga-
nese ferroalloy plant in the Nikopol manganese ore de-
posit area was a strategic one.

Head of the Department, Professor, Doctor of
Technical Sciences Khytryk S. Y. was present at the
historic groundbreaking ceremony. Acknowledging
scientific merits of the Department, the State Commit-
tee for Science and Technology and the Ministry of
Higher and Secondary Specialized Education issued a
decree in 1966 to establish a Problem Ferroalloy La-
boratory at the Department of Electrometallurgy of the
DMetl to solve the scientific problems of the plant. At
that time, it was the only laboratory in the country
equipped with the latest research equipment and elec-
tric furnace capacities, such as an X-ray microanalyzer
“Cameca”, X-ray structural analysis unit, electron mi-
croscopes, Balzers gas analysis unit for steel, auto-
mated volumetric and gravimetric analysis systems,
viscosity and electrical conductivity measurement set-
ups for oxide melts, laboratories for chemical analysis,
petrographic and metallographic studies; three electric
arc furnaces with a capacity of 0.5 to 1.5 tons, a plasma
furnace, a high-frequency induction furnace, vacuum
furnaces and other equipment that ensures the imple-
mentation of the full metallurgical cycle.



Nol, 2025 ISSN 1028-2335 & s sommenmisriiiik

In 1973, Professor, Doctor of Technical Sciences
M. I. Hasyk was elected Head of the Department of
Electrometallurgy of the DMetl.

The diversity of scientific issues and interests that
M. I. Hasyk had to delve into broadened his horizons,
allowed him to critically assess the state of a particular
scientific issue at the time and eventually transfer this
experience to the Department. In 1973, the Depart-
ment of Electrometallurgy, together with the Problem
Ferroalloy Laboratory, had 214 members, including 5
doctors and 32 candidates of technical sciences. At
that time, the structuring of scientific research began to
emerge with the formation of separate creative groups
headed by doctors and candidates of science, profes-
sors and associate professors.

In order to assess the contribution of the Depart-
ment’s scientists to the formation and development of
the Nikopol Ferroalloy Plant, it is necessary to note the
uniqueness of electric furnace melting units, which had
no analogues in the world at that time, the scale and
breadth of the range of manganese ferroalloys pro-
duced by the plant [6].

For the first time in the world, the plant installed a
domestic rectangular closed electric ore-reducing fur-
nace with a capacity of 63,000 kV-A, a bath size of
22x10m, and 6 self-heating electrodes measuring
2.8x0.9 m. This unique unit, which resembles a 25-me-
ter swimming pool in size, smelted up to 310 tons of
ferrosilicon manganese and ferromanganese per day,
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while other electric furnaces at that time melted no
more than 90-100 tons per day. However, the develop-
ment of the technology for the production of manga-
nese alloy production in these furnaces and the im-
provement of their reliability were a serious challenge
for the Ukrainian electric ferroalloy industry and, above
all, for the staff of the plant and the Department of Elec-
trometallurgy of the DMetl, from which they came out
with honor, further enhancing their scientific credibility
in the country and in the world [7].

The achievements of the Department in developing
new and improving existing technological processes
are due to the high theoretical and professional training
of its graduates, the effective work of the postgraduate
and doctoral programs at the Department of Electro-
metallurgy. This is evidence that over the years, the
Department’s educational and research work has been
constantly improving in line with contemporary require-
ments. Currently, training is conducted under such ed-
ucational and professional programs as Electrometal-
lurgy of Steel and Ferroalloys, Special Metallurgy and
Non-Ferrous Metallurgy, with 152 undergraduate and
200 postgraduate students enrolled in the department.
Over the 100 years of its existence, the department
has trained more than 2,500 broad-profile specialists
in cross-industry areas and specialties, 140 candidates
and 25 doctors of technical sciences, many of whom
received state and international awards and grants.

References.
1. Historical Sketch of the Emergence of the Ekaterinoslav Higher Mining School and its Activities During the First
Decade (1899-1909) / compiled by P.G. Rubin — Ekaterinoslav: Typographic Publishing of the Provincial Zemstvo,

1909. 148 p.

PN

Myronenko Mykola. Figures: Essays about scientists / Dnipro: Lira, 2025. 116 p.
Isaenko N. Joyful results // Dniprovska pravda. — 1949. — N0.256 (2590). P. 3.
State Metallurgical Academy of Ukraine: History of the formation of the university and the development of its

scientific and pedagogical schools. / Edited by Academician of the National Academy of Sciences of Ukraine Y.M.

Taran-Zhovnir. — Dnipro: Porohy, 1999. 312 p.

5. National Metallurgical Academy of Ukraine in Names (encyclopedic reference) — D.: ART PRESS, 2008. 320 p.
6. Hryshchenko S.H. Modern trends in the development of the world and Ukrainian ferroalloy industry:/ Theory and

practice of metallurgy. 2022. No.2 (133). 5-8 pp.

Haditwna do pedkoneeii / Received by the editorial board: 10.01.2025
lMpudiHama 0o dpyky / Accepted for publication: 10.03.2025



JITeopis i NPaKmMuKg Memarypeii

YK 622+669:621:662.9

o %% ¢ ISSN 1028-2335

Gasik M. M.
Microwave processing of materials in metallurgy

The application of microwave technology in minerals processing and metallurgy is getting interest as it allows non-con-
ventional treatment of depleted resources and has positive environmental and economic impact. Microwave processing
provides rapid and selective heating with energy efficiency, in contrast to traditional methods.

This work analysis some basic features of this technology and shows examples of modelling and experimental study of
hybrid microwave treatment of oxide materials, highlighting differences in achievable temperatures and heating times.
The model for experimental hybrid microwave furnace with cavity resonating in TMg;, mode at 2.45 GHz with 2 kW power
has been implemented in COMSOL software and tested on heating of zirconia samples with SiC based susceptor. Electric
field and temperature distributions have been simulated and heating rate variations analysed in different positions of the
cavity.

Results of the analysis are discussed together with the potential use of microwave technology in ore treatment, mineral
processing, smelting and carbothermic reduction. This technology has a very good potential in enhancing metal recovery,
reducing energy consumption, and improving processing, but this requires understanding about how different materials
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reacts with microwaves and how the furnaces have to be optimized for a better sustainability.

Keywords: microwave; mineral; applications; modelling; heating; reduction

Introduction. Microwave technology operating in a fre-
quency range of 300 MHz to 300 GHz, where frequencies of
915 MHz and 2.45 GHz being most commonly used [1]. In
a high-frequency microwave field, polar molecules become
polarized and oscillate at high frequencies along with the al-
ternating electromagnetic field, resulting in the rapid oscil-
lation of molecules and interactions between them. This con-
verts the lost electromagnetic energy into thermal energy in
the material [1,2], so the dielectric loss factor is one of the
key parameter in feasibility of this method for high temper-
ature heating. In a simplified form, the power absorbed by a
unit volume of medium from microwaves is proportional to
frequency (f, Hz), real part of dielectric permittivity (¢°), loss
factor (tan o) and to squared electric-field strength (E, VV/cm)
inside the material:

P =2nf-g-€ -tané - |E|? )

where g0 = 8.854-107* F/cm is the permittivity of the
vacuum. The dielectric loss is dependent on material prop-
erties, frequency and temperature so the heating might beco-
me more accelerating (thermal runaway) or retarded with
time when the composition of the material changes.

Literature analysis. Due to essential features of micro-
wave processing, it has considerable potential in minerals

processing, hydro- and pyrometallurgy, as it may present
substantial energy savings [2]. Microwave heating differs
fundamentally from conventional methods, quickly pene-
trating materials and interacting with their molecular and
crystalline structures [1]. This interaction causes molecular
vibration and frictional heating, making it more efficient
than conduction heating [1-3]. This especially enables mi-
crowave processing in ore treatment, particularly for diffi-
cult to recovered minerals and high-value products (rare
metals, precision metals) due their efficiency and environ-
mental benefits [1].

In Table 1 it is seen that most of transition metals oxides
and sulphides are very good microwave absorbers and can
be heat very rapidly. Carbon can be heat very fast and this
enables extremely rapid reduction to produce metals, as
other oxides remain at lower temperatures. Carbothermic
microwave reduction demonstrates that microwave heating
can initiate chemical reactions at lower temperatures, im-
pacting the reduction mechanism significantly. It was re-
ported [3] that the highest temperatures were obtained with
carbon and most of the metal oxides like NiO, MnO,, Fe3Oa,
C0203, CuO and WOs. Metal powders and some metal hal-
ides also heated well; gangue such as quartz, calcite and feld-
spar do not heat up [3].

Table 1. Microwave heating effect at 2.45 GHz on particulate solids with the time needed to reach the indicated

temperatures [2-4]

Substance Heating time, min T°C Substance Heating time, min T°C
Al 6 577 MgO 40 1300
Al203 24 1900 MnO 6 113
C 0.2 1000 MnQO> 6 1287
CaCOs 7 61 MoQ3 0.46 750
CaO 40 200 MoS», 0.1 900
Co 3 697 Ni 1 384
C0304 3 1290 Ni2O3 3 1300
Cr203 7 130 NiO 6.3 1305
CuO 4 800 PbO 13 900
CuS 5 600 TiO2 8.5 79
Fe 7 768 UO2 0.1 1100
Fe203 6 1000 V205 11 714
Fe304 0.5 500 Zr 6 462
FeS 6 800 ZrOz 4 63

Gasyk Mykhailo Mykhailovych, Doctor of Technical Sciences, Professor, Aalto University Foundation, Espoo, Finland,
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Yoshikawa et al. [5] have investigated the micro-
wave carbo-thermal reduction reaction of nickel oxide.
When NiO particles and graphite are used, 100% me-
tallic Ni is produced after only a few minutes by micro-
wave heating. The reduction reaction is highly effective
under microwave magnetic field irradiation. Several
studies have shown that the reduction of Fe, Sc and
Mg oxides is effective under microwave irradiation,
demonstrating that the energy efficiency of microwave
irradiation is higher [6]. Another example is for manga-
nese carbonate ores, which are becoming an increas-
ingly important potential source of manganese, and the
calcination and agglomeration of these ores by micro-
wave irradiation has been investigated [7] where under
optimal microwave conditions sintering temperatures
of >1500 °C were achieved to product manganosite
(MnO) and hausmannite (MnsO4) with the sinter
strengths comparable to those of conventionally pro-
cessed materials.

In terms of industrial implementation [3] a metallur-
gical microwave reduction process could save 15-50%
over a conventional operation. Microwave assisted
carbothermic reduction on ilmenite concentrate mixed
with lignite powder and CaCOs it was and confirmed
that the reduction rate of metal oxide by microwave
heating was faster than by conventional heating [3].

Rapid heating of ore minerals in a microwave trans-
parent matrix generates thermal stress of sufficient
magnitude to create micro-cracks along mineral
boundaries, which improves reaction kinetics, grinding
and leaching efficiency [3,8]. The rapid volumetric
heating by microwave treatment results in differential
expansion and contraction of different mineral phases,
creating internal stresses weakening the ore’s struc-
ture which become more brittle and easier to grind, re-
ducing the energy requirements for comminution [1]. In
practice, it was demonstrated that microwave pre-
treatment of sulphide ores resulted in a reduction of up
to 30% in grinding energy requirements [8]. The pref-
erential heating of specific mineral phases can improve
the liberation of valuable minerals from gangue com-
ponents, increasing the overall recovery rate.

However, microwave processing in metallurgy re-
quires proper investment in microwave generators and
furnaces with specific design to ensure that the heat
generation and distribution is optimal for the selected
material. This dictates that more information about ma-
terials properties (especially dielectric permittivity and
loss factor) vs. temperature, frequency and materials
size need to be studied. This could be achieved in ex-
perimental facilities.

Objectives of this work. The goal of this work is to
highlight potential of microwave applications in metal-
lurgy and to demonstrate experimental and calculation
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methods for a better understanding how microwave
power and heat are generated and distributed inside
the materials.

Materials and methods. An experimental hybrid 2
kW, 2.45 GHz mono-mode (TMoz12) microwave furnace
was set up in Aalto University, Finland (Fig. 1).

The “hybrid” functionality of the microwave cavity
comes from the use of SiC susceptor which can be pla-
ced around the sample in the case the material is
weakly interacting with the microwave radiation at the
beginning. Because SiC is a very good absorber, it
starts heating first to provide radiative heating to the
sample, which, upon increasing temperature, starts to
couple with microwaves. In this case indirect heating
share decreases, which also can lead to inverse tem-
perature gradient (specimen becomes hotter inside
than outside). For demonstration zirconia was used as
test material which is known poorly coupled with micro-
waves at low temperatures but better at higher temper-
atures.

For calculation of the microwave power and heat
distribution COMSOL Multiphysics software was used
with two coupled modules, radiofrequency and heat
transfer. First the magnitude of the electromagnetic
field in the whole cavity must be evaluated and con-
secutively the heat generation by this field in the mate-
rial can be calculated. This first step is based on Max-
well equations [9] where the cavity (item 1 in Fig. 1) is
modelled in 3D for a harmonic propagation mode. The
second step deploys standard Fourier heat transfer
equation with added source due to absorption of the
microwave power [4,9]. This 3D model of the cavity
and specimen is shown in Fig. 2.

Results and discussion. An example of calculated
electrical field distribution in the cavity in shown in Fig.
3. The red zones correspond to maximal field strength
(in this case 18 kV/m) and indicate the position where
the specimen would be optimally located. As by the Eq.
(1), this can lead to the maximum power which is pro-
portional to square of the filed strength. In the case of
zirconia, magnetic component is also present but its
contribution to heating is much less [2,3].

Temperature in the specimen as measured from its
top depends on the input power and time. Figure 4
shows that temperatures over 1273K can be reached
in less than 3 min when the input power exceeds 1.5
kW. In the SiC susceptor, very high heating rates (up
to 2000 K/min) are spotted already after 1 min of heat-
ing, decreasing to 30-50 K/min after 5-10 min. How-
ever, at that point heating of the susceptor itself is al-
most zero because now zirconia sample starts to cou-
ple with the microwaves and the heating focus shifts
into the sample [4].
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Fig. 1. The scheme (a) and overall view (b) of experimental 2 kW hybrid microwave furnace: 1 — the cavity
with the sample, 2 — two-way optical pyrometer, 3 — control system, 4 — waveguide, 5 — microwave tuners, 6 —
generator [4].

Fig. 2. The COMSOL model of the microwave furnace cavity (dimensions in m) and the specimen position.
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Fig. 3. Calculated electrical field strength (V/m) in the waveguide and cavity for 1.2 kW input at 2.45 GHz in TE1 mode.
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Fig. 4. Calculated temperatures of the specimen vs. time and input power.

The model developed allows proper simulation of
the heating process and can be used to experimentally
test the properties of different materials behavior in
these conditions without explicit knowledge of their di-
electric permittivity function. These results, as well as
in earlier studies, show that in many cases temperature
in the interior of the material could be much higher than
at the surface and significant improvements in heat
transfer can be achieved for materials, such as oxides
which poor thermal conductivity limits conventional

heat [2]. The energy densities in microwave systems
can be relatively high and can lead to very high internal
heating rates, especially at the beginning of the pro-
cess which is difficult to achieve with conventional fur-
naces.

The microwaves energy source is relatively clean
and easily controlled, facilitating continuous pro-
cessing, minimizing the amount of off-gas and also the
amount of dust particles. This improves working condi-
tions in microwave processes to be far more superior
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to those in conventional processes, promoting both en-
dothermic and exothermic reactions as well as synthe-
sis [2,10]. Selective heating can be attained — for ex-
ample when heating manganese carbonate ore,
CaCOs component would remain much colder (Table
1) as major heat generation will be in the manganese
phase.

Conclusions.

Microwave technology in mineral metallurgy pre-
sents a progressive and efficient approach to ore pro-
cessing, aligning with the industry’s need for innovation
and sustainability [1,2]. Despite that microwave energy
is more expensive than electricity, the efficiency of mi-
crowave heating is often much higher than conventio-
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nal heating and overcomes this costs differences, es-
pecially when high-value materials are being recov-
ered. The practical applications of microwave treat-
ment (ores processing, reduction, drying) have demon-
strated significant improvements in process efficiency,
energy consumption, and environmental impact [2,3]
and it is evident that microwaves could achieve effects
such as inverse heating and rapid effect with a higher
cost-efficiency. Among challenges required for suc-
cessful implementation of the technique are still more
fundamental understanding of microwaves interaction
with different minerals as well as analysis of kinetics of
the processes.
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The-state-Art of steelmaking technology based on hydrogen
metallurgy

Abstract. This paper puts forward the viewpoint that “hydrogen steelmaking” replaces “oxygen steelmaking”, and sum-
marizes and evaluates the research status of “hydrogen steelmaking”. Hydrogen metallurgy steelmaking has unique ad-
vantages in energy saving, consumption reduction and product quality improvement. On the one hand, hydrogen has a
highly efficient melting effect, which can effectively reduce the energy consumption of steelmaking. “Hydrogen” in plasma
state has the characteristics of high temperature and high thermal conductivity, which can be used as a highly efficient
heat source to realize the melting of charge and heating of steel, and has been applied in steelmaking processes such as
EAF, converter and tundish. Blowing gaseous “Hydrogen” can accelerate the homogenization in the composition and
temperature, and the movement of hydrogen bubbles can be adhered to the non-metallic inclusions which can be accel-
erated to float out. At the same time, hydrogen reacts with oxygen in the liquid steel to release a large amount of heat,
which improves the thermodynamic and kinetic conditions of the melt pool reaction. In addition, “Hydrogen” can inhibit
oxidation and reduce the loss of Cr, Mn and other alloying elements by creating a reducing atmosphere. On the other
hand, “Hydrogen” has a non-polluting refining effect that significantly improves the cleanliness of the steel. Based on the
high activity and high reducibility of “Hydrogen”, “Hydrogen” can effectively remove impurity elements such as O, C, N, S
and P in steel, especially “Hydrogen” in plasma state, which can directly react with the impurity elements to generate H,O,
CH,, NH3, H.S and PH; and other gaseous products that are easy to be volatilized and removed, so as to avoid the
formation of non-metallic inclusions, and to realize the highly efficient and high-cleanliness steelmaking with “zero inclu-
sions”. Therefore, the development of a new generation of green, near-zero carbon, “zero inclusion” and pollution-free
steelmaking process using “hydrogen” instead of “carbon” will accelerate the green, high-quality, and sustainable devel-

opment of the steel industry.

Keywords: Hydrogen metallurgy; Steelmaking; Hydrogen plasma; Melting; Refining; Green and Low-carbon

1. INTRODUCTION

In 2023, the output of crude steel in China was
1.019 billion tons, accounting for more than half of the
global total, with remarkable achievements [1, 2]. Steel
industry is characterized by resource-intensive and en-
ergy-intensive. Currently, carbon emissions account
for about 16% of China’s total, and it is the largest car-
bon emission industry in the manufacturing industry [1,
3, 4]. Under the “dual-carbon” strategy, the iron and
steel industry is the main battlefield of the industrial
green development, and the problems of excessive
carbon emissions have to be solved urgently to pro-
mote the green and healthy development of the iron
and steel industry [3, 6, 7]. On the other hand, it is nec-
essary to strengthen the research and development
and industrialization of key high-end steel to solve the
problem of improving the quality of key materials re-
quired for the development of high-end manufacturing
industry [4, 8]. Therefore, the green and high-quality
development is the main theme of the future develop-
ment of the steel industry, and the active development
of a new generation of green near-zero carbon steel
production process will effectively solve the ecological
environment pollution, product quality instability and
other problems, thus boosting the high-quality sustain-
able development of the steel industry.

In the traditional iron and steel metallurgy process,
the ironmaking process is “carbon metallurgy” which
uses carbon as reducing agent and heat source, while
the steelmaking process is “oxygen steelmaking”
which uses oxygen as oxidant to remove impurities

such as carbon, silicon and phosphorus in the hot
metal. A large amount of greenhouse gas CO: is pro-
duced in the process of iron and steel making. At the
same time, in the later stage of steelmaking, aluminum
and other deoxidizing agents must be used to deoxi-
dize and produce a large number of Al2O3 non-metallic
inclusions to pollute the liquid steel, leading to a decline
in the performance of steel materials. Green hydrogen
is regarded as the key to a carbon-free economy, with
the advantages of wide sources, high thermal effi-
ciency, high energy density, clean and renewable, etc.
The application of “hydrogen” in iron and steel produc-
tion is expected to solve the problems that have long
restricted the green, high-quality and sustainable de-
velopment of steel industry [2, 7, 9, 10]. At present, hy-
drogen-metallurgy ironmaking technology such as hy-
drogen-rich blast furnace and hydrogen-based shaft
furnace reduction is a hot research and development
in the world, and some technologies have been applied
in industrialization, which can reduce the carbon emis-
sion of ironmaking process by more than 50% [2, 7,
11]. At the same time, hydrogen metallurgy iron prod-
uct (for example, the direct reduction iron - DRI) have
the advantages of low content of harmful impurity ele-
ments and low carbon content, and is one of the best
iron source materials for the production of high clean
steel [7, 12]. However, the current theoretical research
and technical development of hydrogen metallurgy are
mainly concentrated in the ironmaking field, and there
are few reports in the steelmaking field. So, could the
theory and technology of hydrogen metallurgy be
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applied to the field of steelmaking, replace the tradi-
tional “oxygen steelmaking”, and fully open up a new
generation of green near-zero carbon steel production
process based on hydrogen metallurgy? The author
thinks that this is a major issue to promote the green,
high-quality and sustainable development of the steel
industry.

This paper reviews the theory, technology research
and application status of “hydrogen steelmaking”, and
puts forward a new generation of green near-zero car-
bon steel production process, aimed at promoting the
green, high-quality and sustainable development of the
steel industry.

2. THE ROLE OF HYDROGEN
STEELMAKING PROCESS

In the steelmaking process, hydrogen acts in two
main forms: gaseous and plasma, each demonstrating
distinct characteristics:

IN THE
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(1) Gaseous: Hydrogen is a monomer formed by
the element hydrogen, with the chemical formula Ha,
which is the lowest molecular weight substance in na-
ture and is also recognized as one of the most environ-
mentally friendly energy sources. As an emerging stra-
tegic energy source, hydrogen has the advantages of
abundant sources, high thermal efficiency, high energy
density, clean use and renewability [2, 7, 9-10].

(2) Plasma state: Hydrogen exists in the form of hy-
drogen molecules in its natural state. With the increas-
ing energy contained in hydrogen molecules, they
gradually transition to the “plasma state” [13-14]. There
are various forms of hydrogen molecules in this transi-
tion to the plasma state, including molecular H:
(ground state Hz and excited state Hz), atomic state H
(ground state H and excited state H*), H+, H2*, Hs*, and
e In terms of reduction potential, the hierarchy is as
follows: H* > Hz* > Hs* > H > Hz, as shown in Fig. 1
[14-16].
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Fig. 1 Equilibrium composition of hydrogen at different temperatures at one atmospheric pressure
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Fig. 2 The activation energy of the reaction of different types of hydrogen with metal oxides (a) Molecular
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Based on the variance in reduction potential, the
trend of the reaction between various hydrogen forms
and metal oxides differs. Fig. 2 illustrates the sche-
matic diagram of activation energies of different forms
of hydrogen reacting with metal oxides, in which the
activation energies are respectively E1 > E2 > E3 > E4
from the largest to the smallest. It can be seen that the
closer hydrogen is to the final ionization state, the lower
the activation energy of reducing metal oxides, and the
easier the reaction will be [15].

In summary, the two forms of “hydrogen” in the
steelmaking process have dual functions. Firstly, the
reaction between “hydrogen” and metal oxide releases
a significant amount of heat, which rapidly melts the
charge and heats the liquid steel. In particular, hydro-
gen in plasma state has the characteristics of higher
temperature and greater heat transfer efficiency, which
can be directly used as a heat source to quickly heat
the charge or liquid steel. Secondly, due to its high
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reducibility, especially hydrogen in plasma state, hy-
drogen can efficiently remove impurity elements such
as O and S from the steel. This helps prevent the for-
mation of non-metallic inclusions that could pollute the
liquid steel and enables high clean steel smelting. Ad-
ditionally, hydrogen has the potential to replace com-
mon injection gases like argon and nitrogen to stir lig-
uid steel and accelerate mixing within the melt pool.

3. THE SMELTING EFFECT OF “HYDROGEN”

3.1 The Heating Effect of “Hydrogen”

The heating effect of “hydrogen” is a process in
which hydrogen or hydrogen-containing gas is dissoci-
ated into plasma to form a high-temperature hydrogen
plasma torch, which is used as a high-temperature
heat source to achieve rapid melting of the charge or
precise temperature control of liquid steel [13, 17]. At
present, plasma heating technology has been applied
in EAF, converter and tundish equipment. The system
diagram is shown in Fig. 3 [18-20].
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IContinuous temperature
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Cooling

[Water System |
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Water-gas
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Gases
System

Plasma power systems
and arc starters

Fig. 3 Schematic diagram of the plasma heating system equipment for tundish

The results show that the temperature in the
plasma torch center increases from 10417 K to 11660
K when 5% hydrogen is added into argon. When 5%
hydrogen is added to nitrogen, the temperature can be
increased from 10789 K to 11254 K, and the larger the
proportion of hydrogen, the higher the central temper-
ature of the jet, and the faster the heating rate of the
molten pool [17]. Taking a 100 kg multifunctional DC
ladle furnace as an example, the heating rate of the
molten pool is faster than that of the solid electrode by

injecting Ar-Hz mixture into the molten pool through the
hollow graphite electrode. The higher the proportion of
Hz in the mixed gas, the faster the heating rate of the
molten pool [21]. In addition, hydrogen-containing gas
CHa also has efficient heating effect, but the heating
efficiency does not increase with the increase of CH4
concentration. When 95%Ar-5%CHya is blown into the
molten pool, the heating rate is the largest, as shown
in Fig. 4 [22].
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Fig. 4 Influence of hydrogen containing gas on melt pool heating rates
(a) Hz; (b) CH4
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In actual production, according to the characteris-
tics of steel and metallurgical quality requirements,
reasonable selection of heating power and time, and
other process parameters to control the heating effi-
ciency of hydrogen plasma can not only meet the re-
qguirements of melting heating rate and end tempera-
ture [13, 23], but also effectively reduce the loss of re-
fractory materials and improve the service life of smelt-
ing equipment [24]. In addition, hydrogen plasma torch
has the characteristics of high impact force, which can
not only improve the fluidity of liquid steel and acceler-
ate the floating of inclusions, but also increase the tem-
perature of slag layer and reduce the viscosity of slag
layer, so as to improve the adsorption capacity of slag
layer to inclusions, and help improve the cleanliness of
liquid steel [25]. However, at this stage, plasma heating
also has some problems, such as expensive equip-
ment, short service life, difficult arc-starting, and elec-
tromagnetic radiation generated by plasma heating
process has great interference on weak current sys-
tems [26].

3.2 The Stirring Effect of “Hydrogen”

Gas injection is a commonly used method to en-
hance metallurgical reactions in the steelmaking pro-
cess [27-31]. It serves to stir the liquid steel, promoting
homogenization of its composition and temperature, as
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well as facilitating the formation of small bubbles that
accelerate the removal of impurities. Hydrogen injec-
tion not only creates smaller and more dispersed bub-
bles for enhanced stirring, but also generates signifi-
cant chemical heat by reacting with dissolved oxygen
or blown oxygen in the molten steel [27, 32-34]. Addi-
tionally, hydrogen can aid in decarbonization and con-
tribute to low-oxygen or no-oxygen smelting in convert-
ers, thereby reducing carbon emissions [27, 34]. Fur-
thermore, it provides a reducing atmosphere that inhib-
its over-oxidation and minimizes loss of metal ele-
ments during steelmaking. Any residual hydrogen dis-
solved in the molten steel can be effectively removed
during subsequent vacuum refining processes without
compromising final product quality (Fig. 5 (a)) [16, 33-
35]. Taking production data from Pangang Group
Xichang Steel & Vanadium Co., Ltd. 210-ton converter
as an example [35], at an blowing intensity of 0.1
m3-min-1-t1, hydrogen injection vyields an extra
16174.72 kJ compared to argon injection (Fig. 5 (b))
and increases scrap charging ratio by 8.17% (Fig. 5
(c)). Moreover, higher bottom-blowing intensities cor-
respond to greater extra calorific value and scrap
charge ratios; CO2 emission reductions also correlate
with increased hydrogen intensity at the bottom blow

(Fig. 5 (d)).
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Fig. 5 Metallurgical effects of hydrogen blowing in converter
(a) Metallurgical behavior of hydrogen in the converter; (b) Extra calorific value ; (c) Scrap charge; (d) CO:

emission reduction

The practice has demonstrated that hydrogen blow-
ing can effectively address the issues of “insufficient
temperature” and “slag dilution”in the AOD converter
smelting process of high manganese stainless steel
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based on its advantages in efficient stirring, rapid heat-
ing, and providing a reducing atmosphere. Specific
measures are outlined as follows [36].
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During the first decarburization stage (Fig. 6 (a)), to
prevent the potential hazards of hydrogen and oxygen
reacting and causing explosions, they are separately
injected into the converter from the side. The reaction
between hydrogen and oxygen generates a significant
amount of heat within the converter, while unreacted
hydrogen is completely consumed by the top-blown
oxygen, effectively raising the temperature of molten
steel without relying on carbon and reducing carbon
emissions. Additionally, blown hydrogen can facilitate
the reduction of hexavalent chromium in slag, thereby
improving chromium recovery rates.

0,

(@)

Hot Metal ——
it
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During the second decarburization stage (Fig. 6
(b)), oxygen and nitrogen blown into the converter from
the side enhance the decarburization process; any re-
maining oxygen is eliminated by reacting with hydro-
gen from the top, generating heat and sustaining the
molten steel temperature

During the reduction stage (Fig. 6 (c)), hydrogen is
injected into the side to intensify mixing within the mol-
ten pool for more uniform composition and tempera-
ture of molten steel as well as promote reduction reac-
tions.

Molten steel
Slag

Fig. 6 Schematic diagram of hydrogen blowing smelting of high manganese stainless steel
(a) The first decarburization stage; (b) The second decarburization stage ; (c) The reduction stage
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Fig. 7 Gibbs free energy of the reaction of “hydrogen” with impurity elements in steel
(a) Hydrogen-oxygen reaction; (b) Hydrogen-carbon reaction; (c) Hydrogen-nitrogen reaction; (d) Hydrogen-

sulfur reaction

In summary, hydrogen injection in the steelmaking
process not only further strengthens the stirring effect
and improves the kinetic conditions of steelmaking; but
also will react with the dissolved oxygen in the molten

steel and the oxygen sprayed, release a lot of heat,
maintain or increase the temperature of the molten
steel, and improve the thermodynamic conditions of
steelmaking. The dissolved hydrogen is subsequently
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removed by vacuum degassing without affecting the
metallurgical quality of the steel.

4. THE REFINING EFFECT OF “HYDROGEN”

Hydrogen, especially hydrogen in plasma state,
has extremely high chemical activity and reducibility,
and can react quickly with impurity elements such as
O, N, S and P and C in liquid steel to generate gas
products that are easily removed by vacuum (Fig. 7
[37]), to avoid the formation of non-metallic inclusions
contaminating the molten steel due to the addition of
deoxidizers and slag-making agent, and the increase
of oxygen in the molten steel due to oxygen blowing
and decarburization. The green, near-zero-carbon,
high-clean steel smelting with “less oxygen or non-ox-
ygen” and “zero inclusions” is realized [37-44]. A small
amount of dissolved hydrogen in steel can be reduced
to very low levels (1x10-%) by means of vacuum degas-
sing, thus completely eliminating adverse effects such
as hydrogen embrittling [33-34].
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4.1 “Hydrogen” Deoxidation

As we all know, high oxygen content is the cause of
large-size inclusions in steel. The traditional deoxida-
tion methods are difficult to completely remove inclu-
sions [45]. Hydrogen reacts with dissolved oxygen in
the molten steel to produce water, which can directly
discharge the molten steel and effectively reduce the
oxygen content in the steel [36, 46-48]. At the same
time, the injection of gaseous hydrogen into the liquid
steel can also stir the liquid steel to strengthen mass
transfer, increase the diffusion rate of dissolved oxy-
gen to the interface between hydrogen bubble and lig-
uid steel, and improve the kinetic conditions of hydro-
gen deoxidation [27, 33-34]. However, with the refining
process, the driving force of dissolved oxygen mass
transfer to the hydrogen bubble-liquid steel interface
decreases, and the deoxidation rate and hydrogen uti-
lization rate both decrease, as shown in Fig. 8 [49].
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Fig. 8 Effect of hydrogen blowing time on the rate of deoxidation and hydrogen utilization
(a) Oxygen and hydrogen content in steel; (b) Deoxidation rate and hydrogen utilization rate

In the process of hydrogen deoxidation, due to the
low solubility of hydrogen in molten steel, the atomic
hydrogen deoxidation reaction is limited, and the deox-
idation is mainly controlled by the reaction rate of mo-
lecular hydrogen and dissolved oxygen. The molecular
hydrogen deoxidation reaction equation is shown in (1)

H2+[0]=H20(g) AG°=-130350+58.77T (J/mol)=-RTInK

P
[%0] = = 1
PH2 fo ’

K

Although hydrogen deoxidation is not affected by
pressure, when the C content in steel is high and the
environmental pressure is low, the carbon-oxygen re-
action product CO continues to be discharged from the
molten steel, resulting in the carbon-oxygen reaction
continuing, and the deoxidation means is transformed
into carbon deoxidation. When carbon deoxidation is
dominant, the tiny bubbles formed by blowing hydro-
gen can provide a nucleation interface for CO, adsorb
CO and discharge molten steel, and cooperatively pro-
mote deoxidation [46, 49-50].

Therefore, by controlling the pressure and promot-
ing the alternating deoxidation of carbon and

20

and (2). It can be seen that when the steelmaking tem-
perature is constant, hydrogen deoxidation is con-
trolled by B, , /R, , and it is independent of the [H] con-

tent in steel and pressure [49-50].

D
)

hydrogen, high purity steel smelting can be achieved,
the specific steps are shown in Fig. 9 [50] :

(1) In the late stage of converter smelting, [C%)] is
low and [O] is excessive in steel. At the same time of
hydrogen blowing deoxidation, the hydrogen bubble
can provide the carbon-oxygen reaction interface and
reduce the nucleation resistance, and the carbon-oxy-
gen reaction products are removed with the hydrogen
bubble floating up, as shown in Fig. 9 (a);

(2) Tapping and ladle bottom blowing Hz. Without
an external oxygen source, [C] has competitive deoxi-
dation with Hz, and carbon and hydrogen deoxidation
is carried out alternately. As in (1), the Hz bubbles can
provide reaction interfaces and reduce nucleation
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resistance, and the reaction products can discharge
out of the molten pool via the Hz bubbles, as shown in
Fig.9 (b);

(3) Before vacuum refining, adding sufficient
amount of carbon powder, carbon deoxidation capacity
is enhanced and dominant, and the deoxidation

[C]\ [C]\
[C]+[0]=CO [C]+I§)r|=co
: H,+[0]=H,0 0
\ X
[O] / [O]excess [O] /
Hy+H[O] exeess=H, 0
(a) (b)
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product CO is removed by floating into the hydrogen
bubble, as shown in Fig. 9 (¢);

(4) In the vacuum treatment stage, high vacuum
leads to carbon deoxidation capacity is stronger than
hydrogen, only C can complete deep deoxidation,
while dissolved hydrogen in steel is also removed at
this stage, as shown in Fig. 9 (d).

[C]\ [C]\
[CI+l01=CO [CI+[0]=CO
H,
[O] - [0] - M
(c) ()]

Fig. 9 Method of smelting high-clean steel in converter
(a) H2 bottom blowing at the later stage of converter smelting; (b) Tapping and ladle bottom blowing Hz; (c)
Adding carbon powder into ladle; (d) RH vacuum treatment.

Based on the characteristics of high-efficiency hy-
drogen deoxidation and the easy floating of hydrogen
bubbles, the “micro-hydrogen bubble” refining technol-
ogy has been developed. Due to its simple operation
and remarkable deoxidation and inclusion removal ef-
fects, it has attracted more attention [30-31, 51-53].
The specific technical route is as follows: First, a large
amount of hydrogen or hydrogen-containing gas is in-
jected into the liquid steel for refining, which in addition
to efficient deoxidation, while the dissolved hydrogen
in steel reaches more than 8x10%; After that, in the
vacuum refining process, the dissolved hydrogen in
steel is vacuumed to form tiny bubbles (1 mm) with in-
clusions as heterogeneous nucleation points, which

are carried and adhered to the inclusions to float to the
slag for removal. In addition, the generated hydrogen
bubble reduces the nitrogen partial pressure and
strengthens the nitrogen removal effect of the liquid
steel. Practice has proved that the micro-hydrogen
bubble refining effect is obvious, w(O) < 20x10-, w(H)
< 2x10%, w(N) < 60%106 in steel, and the cleanliness
has been significantly improved, as shown in Fig. 10
[51]. To sum up, the key of the micro-hydrogen bubble
method is to improve the solubility of hydrogen in mol-
ten steel, and pressure metallurgy can be used to in-
crease the amount of hydrogen dissolved in molten
steel in the actual production [54-55].
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Fig. 10 Effect of micro hydrogen bubble method on the content of O, N and H elements in steel

The above analysis is not difficult to see that after
hydrogen deoxidation, the oxygen content in steel is
still high, and the deep deoxidation effect is poor. The
activation energy of hydrogen plasma and oxygen in
steel is lower, and the deoxidation reaction is easier to
carry out [37]. Therefore, hydrogen plasma has the po-
tential of deep deoxidation. Take the deoxidation of hy-
drogen plasma based on argon-hydrogen mixture as
an example, as shown in Fig. 11 [40-41].

Hydrogen plasma deoxidation is mainly divided into
two stages, namely: 1) rapid deoxidation stage, the

deoxidation rate is fast, and the oxygen content in lig-
uid iron is rapidly reduced to a low level; 2) In the deep
deoxidation stage, the deoxidation rate is slow, and the
minimum oxygen content after deoxidation can be be-
low 5%106. The deoxidation rate and limit of the whole
hydrogen plasma deoxidation process increase signif-
icantly with the increase of the concentration of hydro-
gen plasma patrticles, the lowest can be about 1x10,
with strong deoxidation capacity and no other types of
inclusions generated.
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Fig. 11 Oxygen content trend with time in hydrogen plasma melting process

In addition, hydrogen-containing reducing gases
such as CHas and liquefied petroleum gas also have de-
oxidation capacity [45, 56-59]. In steelmaking environ-
ment, CHs can be decomposed into C and
H2(CH4=C+2H2(qg)), and then react with [O] in steel, de-
oxidation products (CO and H20), H2 and undecom-
posed CHa4 can be removed by floating up with bub-
bles. Studies have shown that [56], at 1600°C, CH4 has

a significant deoxidation effect, and can be used as an
initial deoxidizer to deoxidize liquid steel, as shown in
Fig. 12. Similarly, hydrogen-containing reducing gases
such as liquefied petroleum gas will decompose at high
temperatures to generate C and H2 for deoxidation re-
fining of liquid steel [59].
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4.2 “Hydrogen” Decarbonization

Carbon is an important element that affects the me-
chanical and corrosion properties of steel, and is one
of the most concerned indexes in steelmaking process.
At present, oxygen blowing is one of the most common
way for decarbonization, but it will increase CO2 emis-
sions and lead to a substantial increase in oxygen in
steel, which greatly increases the difficulty of deoxida-
tion in subsequent refining processes and increases
the proportion of large-size harmful non metallic inclu-
sions in steel [60]. Therefore, it is very difficult to
achieve high purity smelting by this refining method. It
is found that carbon in steel is extremely difficult to re-
act with gaseous hydrogen at steelmaking tempera-
ture, but it is very easy to react with hydrogen in plasma
state to generate CH4 gas and directly discharge liquid
steel. While decarbonizing and controlling carbon,
there is no residue of inclusions polluting liquid steel
and “zero” CO2 emission, as shown in Fig. 7(b) [37-38,
43, 61].
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Fig. 12 Oxygen mass fraction of molten steel during CH4 deoxidation

Because metal plasma guns are expensive and dif-
ficult to be maintained, hydrogen plasma is currently
formed in the refining process mainly through the dis-
sociation of hydrogen or hydrogen-containing gases by
hollow graphite electrode plasma guns. The use of
graphite electrode will cause carbonization of liquid
steel to a certain extent and increase carbon content
[25, 62]. Carbonization only occurs at low carbon con-
tent in the steel, and the greater the concentration of
hydrogen plasma patrticles in plasma, the weaker the
carbonization phenomenon and the smaller the carbu-
rization degree.For example, the proportion of hydro-
gen increases from 10% to 20%, and the carbonization
rate of molten steel decreases from 3.73%10%/min to
3.1x10%/min, as shown in Fig. 13 (a) [63]. When the
carbon content of molten steel is high, the hydrogen
plasma decarburization effect is very significant and is
completely unaffected by carbonization, as shown in
Fig. 13 (b) [38].
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Fig. 13 Effect of hydrogen plasma on C content in steel

(a) Low carbon steel; (b) High carbon steel

Although gaseous hydrogen cannot directly decar-
bonize steel, compared with argon, blowing hydrogen
is more likely to form small dispersed bubbles, which

can provide a nucleating interface for CO, adsorb CO
0.010

and discharge liquid steel, accelerate the reaction of
carbon residue and oxygen in steel, and further reduce
the content of C in liquid steel [46, 49-50], as shown in
Fig.14.
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Fig. 14 Effect of hydrogen blowing on the C content in steel
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Fig. 15 Variation of elemental N content in steel with time

In summary, “hydrogen” has excellent decarboniza-
tion ability, especially hydrogen plasma, can achieve
deep decarbonization, but under low carbon condi-
tions, the degree of decarbonization is affected by

plasma gun material and hydrogen plasma patrticle
concentration, etc. In actual production, it is necessary
to rationally optimize the production process according
to the carbon content requirements of steel grades.
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4.3 “Hydrogen” Denitrification

Similar to decarbonization, nitrogen in steel cannot
be removed by reacting with gaseous hydrogen to form
gaseous products at steelmaking temperature, as
shown in Fig. 7 (c) [37]. However, the small dispersed
bubbles formed by blowing hydrogen increase the in-
terface reaction area and promote the diffusion of ni-
trogen in steel to the hydrogen bubble interface to form
nitrogen, thus reducing the N content in steel [51]. Ni-
trogen in liquid steel can be reduced to 0.002% by in-
jecting hydrogen at normal pressure, as shown in Fig.
15 [49].
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In contrast, hydrogen plasma can easily react with
[N]in steel to generate NHs, which can discharge liquid
steel and effectively reduce the N content in steel.
Therefore, in EAF smelting, ladle refining, VOD refining
or RH refining, hydrogen can be added to argon/nitro-
gen to form hydrogen-containing plasma to achieve ef-
ficient nitrogen removal [43, 64]. In addition, the use of
hydrogen-containing reduction gas such as CHas in-
stead of hydrogen to dissociate hydrogen plasma also
has the effect of nitrogen removal, as shown in Table
119, 42, 65-66].

Table 1 Examples of changes in nitrogen content in plasma melted steel

Experimental equipment Alloy Melt Gas Effect of nitrogen removal
20 kVA DC Electric Arc Furnace |Pure Iron Ar-N2-Hz _Compared to Ar-Nz, w(N) decreases
in Ar-N2-Hz
90%Ar- 4
150 kg Electric Arc Furnace Molten Steel 10%H: W(N) decreases to 1x10
(Two AC Plasma Torches) 95%Ar- W(N) decreases to 15x10°
5%CH4
) Stainless Steel wW(N)<0.05%
2 ~ 5 kg Crucible
(Plasma Furnace with SinglefPure Iron Ar-Hz Ww(N) reduced from 0.05% to 0.015%
Plasma Torch)
25%Cr-Fe W(N) reduced from 0.11% to 0.065%
Icarg?” lsat”rated Low Al W(N) reduced from 0.21% to 0.15%
150 kg Plasma Furnace oy olee
Low Alloy Steel Kerosene  Ww(N) reduced from 0.18% to 0.11%
Ar-1%H2  w(N) can be reduced to 2~3x10-6
Plasma Arc Melting Furnace Pure Iron i
Ar-5%H, \GN(N) can decrease to as low as 1x10

4.4 “Hydrogen” Desulphurization

At present, slagging desulphurization and addition
of desulphurization agents are the most commonly
used desulphurization methods, but the desulphuriza-
tion efficiency of such methods is relatively low, and
sulfide inclusions are easily formed, which deteriorates
the mechanical properties of materials. In contrast, hy-
drogen desulfurization produces H2S gas, which can
directly exclude liquid steel without inclusion residue,
and can realize ultra-low sulfur steel smelting [37-39,
41]. Like hydrogen decarbonization and nitrogen, gas-
eous hydrogen cannot react with sulfur in steel, as
shown in Fig. 7 (d) [37]. However, the fine dispersed
hydrogen bubbles formed by blowing hydrogen not
only increase the content of dissolved hydrogen in
steel, but also accelerate the reaction of sulfur with the
locally dissolved hydrogen, and the reaction product
H2S can be removed with the hydrogen bubbles to
achieve desulfurization. However, when the sulfur con-
tent of molten steel is low, the desulfurization effect of
hydrogen injection is extremely limited [46, 49], as
shown in Fig. 16 (a). In contrast, hydrogen plasma
desulfurization has a more significant effect, similar to
hydrogen plasma deoxidation, and the degree and rate
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of desulfurization are greatly improved with the in-
crease of hydrogen plasma particle concentration, as
shown in Fig. 16 (b) [39, 41].

4.5 “Hydrogen” Dephosphorization

For most types of steel, the high content of phos-
phorus in steel is very easy to cause serious segrega-
tion in the solidification process of steel, thus reducing
the impact performance of steel and deteriorating the
service performance of steel, so it is necessary to re-
move phosphorus as much as possible in the smelting
process [67]. Commonly used dephosphorization
methods such as lime powder blowing will seriously
erode the furnace lining and seriously deteriorate the
safety of the furnace lining [68]. In contrast, hydrogen
plasma can react with phosphorus in steel to generate
PHs gas and directly discharge liquid steel, which can
control phosphorus in steel at a lower level, as shown
in Fig. 17 [38]. However, PH3 will decompose into P
and H: in a high temperature environment, so it is nec-
essary to reasonably control the smelting temperature,
refining time and vacuum degree during the
dephosphorization of hydrogen plasma to prevent the
“phosphorus return” of liquid steel.
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In summary, “hydrogen” can react with impurity el-
ements such as O, C, N, S and P in steel to generate
gaseous products, achieve high efficiency, less slag
and “zero inclusions” pollution-free refining, in which
plasma hydrogen can be deeply refined, and can com-
pletely avoid the oxygen decarbonization process, and
greatly reduce the CO:2 emissions of smelting pro-
cesses such as electric arc furnace and converter. At
the same time, the cleanliness of the liquid steel is
greatly improved. Therefore, “hydrogen” refining will be
an important refining way for the preparation of green
high-quality high-end special steel in the future.

5. PROSPECTS FOR A NEW GENERATION OF
HYDROGEN METALLURGY STEELMAKING
PROCESSES

“Hydrogen” is the clean energy with the greatest de-
velopment potential in the 21st century, and it is the
best substitute for coal and other fossil fuels [9, 10].
The use of “hydrogen” in the process of steelmaking
has outstanding advantages, which can not only
achieve rapid melting and high-clean refining, but also
significantly reduce CO2z emissions in the process of
steelmaking [27, 34-35]. Under the background of the
implementation of the environmental protection

strategy, the steel preparation process has gradually
evolved into three categories: “BF-BOF” process,
“Scarp-EAF” process, “DRI-EAF” process. Among
them, the “DRI-EAF” process has the natural proper-
ties of low carbon and even zero carbon, and its CO2
emission reduction ability is obvious to all. At present,
hydrogen metallurgy mainly focuses on the ironmaking
process, as shown in Table 2 [2, 69], and there are few
reports on the theoretical research and production ap-
plication of hydrogen metallurgy steelmaking. There-
fore, hydrogen metallurgy through the entire iron and
steel metallurgy production process is the develop-
ment direction to promote the green, high-quality and
sustainable development of the iron and steel industry.

Therefore, based on the outstanding advantages of
hydrogen metallurgy steelmaking, which is character-
ized by green, low carbon, rapid melting and high effi-
ciency and high cleanliness refining, a new generation
of green and near-zero carbon steel production pro-
cess with hydrogen plasma electric furnace and hydro-
gen plasma refining furnace as the core is proposed
(Fig. 18). Its core includes low carbon ironmaking, low
carbon and low oxygen steelmaking and “zero
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inclusion” pollution-free refining and other hydrogen
metallurgy technologies. The main processes include:

1. The use photovoltaic, wind power and other
clean energy power (green electricity) to produce hy-
drogen by water electrolysis (green hydrogen) ;

2. Using hydrogen-rich gas such as pure hydrogen,
natural gas and petrochemical waste hydrogen as re-
ducing agent, low carbon or no carbon pure DRI is pro-
duced by hydrogen-based shaft furnace;

3. The use of green electric furnace (hydrogen
plasma furnace) [43] and pollution-free refining furnace

o %% ¢ ISSN 1028-2335 Nel, 2025

[44] (hydrogen plasma ladle refining furnace) to
achieve near-zero carbon emission steelmaking

4. Through continuous casting and rolling, the re-
quired steel was produced; Some high-end special
steels adopt the new generation of gradient ultrafast
cooling mold casting and controlled atmosphere elec-
troslag remelting and other special metallurgical tech-
nologies, and then produce high-end special steel
products that meet the requirements through forging
and heat treatment.

Table 2 Research status and objectives of hydrometallurg

y

Project Sponsor

Project name/Key technology

Goals/Achievements

Group Corporation

gen production technology of nuclear
energy, etc.

Europe ULCOS CO2 emission are reduced by 50%
Japan COURSES0 Hydroggn is used as a reducing agent to reduce car-
bon emissions by 10%
Korea COOLSTAR E)(;r:zct reduced iron is produced by hydrogen reduc-
. To produce hydrogen by electrolysis of water, the hy-
Austrian HZFUTURE drogen yield is 1200 cm®/h
Hydrogen production from electrolyzed water for the
Thyssenkrupp hydrogen-based iron-reduction of iron ore and steelmaking, with the aim of
German . X o S S
making experiment achieving a 30% reduction in carbon emissions by
2030 and zero carbon emissions by 2050
Sweden HYBRIT Electrolysis of water to produce hydrogen and use of
hydrogen to produce direct reduced iron
US MIDREX Usmg_ hydrogen volurr_1e frac_tlon ex_ceeds 50% of the|
reducing gas preparation of iron oxide
Hydrogen-rich carbon cycle in blast fur-
China Baowu Steelnhace, Hydrogen reduction and Hydro-Carbon peak by 2023, carbon reduction by 30% by

2035, and carbon neutrality by 2050

HBIS

Energiron-ZR (zero reforming) technol-
ogy replaces carbon metallurgy, and hy-|
drogen metallurgy research agreements|
are signed with all parties

Construction of 1.2 million tons of hydrogen metal-
lurgy project, 70% of hydrogen used for the production
of direct reduced iron

)Angang Steel
Limited

Group

\Wind power + photovoltaic power - elec-
trolytic water hydrogen production - hy-
drogen metallurgy technology

Total carbon emissions by 2035 will be 30% lower
than peak

Baogang Group

Carrying out research on low-carbon
metallurgical technologies and industri-
alized applications

Photovoltaic hydrogen production - Pipeline transport
of hydrogen - green hydrogen metallurgy

JISCO

The Hydrogen Metallurgy Research In-
stitute was established, and the demon-
stration base of “Coal-based hydrogen
metallurgy + Dry grinding and dry sepa-|
ration of iron from Jiusteel” was built

Founded “coal-based hydrogen metallurgy theory”
and “Shallow hydrogen metallurgy magnetization
roasting theory”

Zhongjin Taihang Min-
ing Co., LTD

Coke oven gas dry reforming reduction
+ PERED shaft furnace process combi-
nation

Hydrogen-based direct reduced iron project with an
annual output of 300000 t

Jianlong Group

Hydrogen-based melting reduction
smelting high purity cast iron and devel-
opment of hydrogen-rich melting reduc-
tion CISP new process

IAnnual CO. emissions are reduced by 112000 t

Nippon Steel Group

Hydrogen was extracted by producing
ethylene acetate symbiotic product from
natural gas

It is planned to produce 50 t of direct reduced iron per|
year

Jinnan Steel

Blast furnace hydrogen-rich injection

Hydrogen injection in 2000 m? blast furnaces
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Fig. 19 shows the comparison between the new
process and the traditional process. It can be seen
from the figure that the oxygen content in the traditional
process is reduced to a very low level after the iron-
making stage, but it is significantly increased in the
stage of oxygen blowing and decarburization in
steelmaking. The deoxidizing agent such as aluminum
needs to be added for subsequent deoxidation, and
the deoxidizing products pollute the liquid steel as non-
metallic inclusions. It will eventually lead to a decrease
in the cleanliness of the liquid steel. In contrast, in the
whole new process, the oxygen content has been in a
continuously decreasing state, the steelmaking pro-
cess basically does not need to deoxidize or use pollu-
tion-free hydrogen plasma deoxidize, and the steel is
basically free of inclusions, so ultra-high clean steel
can be manufactured. In terms of the change of the
carbon content, the carbon content of hot metal in the
traditional process of ironmaking stage reaches about
4.5%, and in the steelmaking stage, a large amount of
oxygen is blown to decarbonize, resulting in a large
amount of carbon consumption, and the CO2 emission
per ton of steel is as high as 1.8 t. The new process

uses hydrogen reduction, and the whole process only
needs to add an appropriate amount of carbon to the
liquid steel according to the target carbon content of
the steel grade, without the decarbonization process,
that is, to achieve near zero CO2 emissions. In terms
of temperature, compared with the traditional process,
the temperature in the ironmaking stage of the new
process is significantly reduced, and the temperature
in the steelmaking stage is also reduced. From the per-
spective of solid waste gas emission, the slag amount
of the new process in the ironmaking stage is only 1/5
of the traditional process, and the slag amount in the
steelmaking stage is only 1/10 of the traditional pro-
cess. Therefore, compared with the traditional BF-BOF
process, the new process has a remarkable effect on
energy saving and emission reduction. It is estimated
that the new process will reduce CO2 emissions by
more than 95%, reduce oxygen consumption by more
than 95%, save energy by 30-50%, shorten production
cycle by more than 50%, reduce cost by 30-50%, re-
duce nitrogen content in steel by 10-50%, reduce oxy-
gen content by 10-50%, and reduce non-metallic inclu-
sions by 50-90%.
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Fig. 19 Comparison of oxygen content, carbon content and temperature in the new process with the tradi-
tional blast furnace-converter long process

The development of the above-mentioned innova-
tive new processes is one of the important ways for
China to accelerate the implementation of green devel-
opment and upgrade the quality of steel products.

Therefore, strongly develop the basic theoretical re-
search of hydrogen metallurgy steelmaking, develop
key equipment such as new green electric furnace (hy-
drogen plasma electric furnace) and pollution-free
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refining furnace (hydrogen plasma ladle refining fur-
nace), and develop an innovative new steelmaking
technology characterized by “hydrogen steelmaking”
instead of “oxygen steelmaking”. It will effectively solve
important problems such as ecological environmental
pollution and unstable product quality in the steel in-
dustry, so as to promote the green, high-quality and
sustainable development of the iron and steel industry.

6. CONCLUSION AND PROSPECT

“Hydrogen steelmaking” replacing the traditional
“oxygen steelmaking” is an innovative theory and tech-
nology in the current steelmaking field, overcoming the
theory and key technologies of hydrogen metallurgy
steelmaking, and fully opening up a new generation of
green near-zero carbon steel production process
based on hydrogen metallurgy, which is an important
means to promote the green, high-quality and sustain-
able development of China’s iron and steel industry
and implement the goal of “double carbon” and “high-
quality development”.

(1) Hydrogen plasma has the advantages of high
temperature and high thermal conductivity, and can be
used as an efficient heat source to achieve rapid melt-
ing of charge or precise temperature control of liquid
steel, which has been preliminarily applied in steelmak-
ing processes such as EAF, converter and tundish.

(2) The injection of hydrogen can promote the ho-
mogenization of the composition and temperature of

o %% ¢ ISSN 1028-2335 Nel, 2025

the molten steel, and the hydrogen bubble can adhere
to non-metallic inclusions during the floating process,
and the “hydrogen” can also react with dissolved oxy-
gen and sprayed oxygen to release a lot of heat, im-
proving the thermodynamic and kinetic conditions of
the molten pool reaction.

(3) “Hydrogen” can create a reducing atmosphere,
which can inhibit the over-oxidation of liquid steel, re-
duce the iron loss in the steelmaking process, and the
loss of other metal elements such as Cr and Mn.

(4) “Hydrogen” can efficiently remove impurities
suchas O, C, N, S and P, especially hydrogen plasma,
which can directly generate highly volatile gas products
such as H20, CH4, NHs, H2S and PHg, to avoid the for-
mation of non-metallic inclusions, and achieve “zero in-
clusions” of high cleanliness steelmaking, which is the
development direction of future steelmaking technol-
ogy.

(5) A new generation of green near-zero carbon
steel production process based on hydrogen metal-
lurgy is the key to accelerate the green, high-quality
and sustainable development of China’s iron and steel
industry and the implementation of the goal of “double
carbon” and “high-quality development”, and is cur-
rently a major issue in the field of iron and steel metal-

lurgy.
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Ukrainian steel and ferroalloys in 2022-2024: how russian aggression
has impacted on the work of the country's metallurgical industry

In April 2025, the centennial of the establishment of
the Department of Electrometallurgy of the Ukrainian
State University of Science and Technology (at the
time of its establishment - the Dnipropetrovsk Metallur-
gical Institute) will be celebrated. It will not be an exag-
geration to say that it was the Department of Electro-
metallurgy, for many of us - the "alma mater", that be-
came the founder of the world-famous school of
Ukrainian electrometallurgy, the educator of a galaxy
of many thousands of ferroalloy and electric steelmak-
ers who held and hold leading positions at industry en-
terprises, the developer of many highly efficient tech-
nological processes of world class. Congratulating our
native department on its anniversary, we sincerely
wish to continue to firmly hold the banner of domestic
electrometallurgical science in our hands, which is es-
pecially important now, in the difficult conditions in
which the metallurgical industry of Ukraine found itself
with the beginning of large-scale Russian aggression
in February 2022.

We will begin our analysis of the work with 2021 -
the last pre-war year for our country. As is known, in
2021, global steel production in the world increased by
3.7% compared to 2020 - to 1.95 billion tons. 2021 was
also successful for Ukrainian metallurgists - favorable
conditions in external markets and high demand for
rolled steel in the domestic market (due to the active
phase of the "Great Construction™) contributed to the
growth of production indicators. Compared to the pre-
vious year, steel production in Ukraine in 2021 in-
creased by 3.6% - to 21.4 million tons. Ukraine was in
the top twenty world steel producers.

The production of ferroalloys of all types (ferrosili-
comanganese, high-carbon ferromanganese, metallic
manganese, ferrosilicon) in the pre-war 2021 also in-
creased and amounted to 858.7 thousand. tons, which
corresponds to 115% compared to the previous year
2020.

The full-scale Russian aggression has caused,
along with other losses for Ukraine, a crisis situation in

the metallurgy industry. The occupation of part of the
territory in eastern Ukraine, where the main metallurgi-
cal facilities are located, constant shelling and destruc-
tion, disruptions in the supply of raw materials and en-
ergy resources, disruption of logistics routes for the ex-
port of finished products due to the blockade of sea
ports, and the loss of qualified personnel during mobi-
lization have led to a three-fold reduction in steel pro-
duction and a reduction in steel production. In 2022,
Ukrainian metallurgists produced only 6.4 million tons
of steel (29.9% compared to the previous year, includ-
ing Mariupol plants in January-February 2022), of
which more than half (3.4 million tons) fell on the pre-
war first two months of the year. In 2023, global steel
production amounted to 1.851 billion tons (-0.1% com-
pared to 2022). In Ukraine, this indicator amounted to
6.228 million tons (+26.9% compared to the previous
year), respectively, the volume of finished rolled prod-
ucts increased to 5.372 million tons (+31.2%). Depend-
ing on the enterprise, or rather, the region of its loca-
tion, the utilization of pig iron, steel and rolled products
in 2023 ranged from 20% to 70%. It should be noted
that a significant part of the production capacities (over
60%) of the MMC of Ukraine is located in the tempo-
rarily occupied territory.

Ferroalloy production in 2022 also decreased sig-
nificantly - to 537.9 thousand tons, which corresponds
to 62.6% of the previous year's level. This trend took
place and intensified in 2023: ferroalloy production was
only 43.9% compared to the previous year. In the
fourth quarter of 2023, Ukrainian ferroalloy plants were
forced to completely stop production activities.

With what indicators did the metallurgical industry
of Ukraine end 20247 Let us recall that according to
the World Steel Association, global steel production in
2024 decreased by 0.9% compared to 2023 - to 1.839
billion tons. This is evidenced by the global ranking of
steel-producing countries / 1/, Fig. 1.
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Ferroalloy Plant, Kalenkov O.F., - Ukr.metalurgprom, Kudryavtsev S.L. — Ukrainian Association of Ferroalloy Manufacturers
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Fig. 1. Global steel production in 2024

The top ten steel producing countries in 2024 ac-
cording to World Steel include: China — 1.005 billion
tons (-1.7% yly); India — 149.6 million tons (+6.3%); Ja-
pan — 84 million tons (-3.4%); USA — 79.5 million tons
(-2.4%); Russia — 70.7 million tons (-7%); South Korea
— 63.5 million tons (-4.7%); Germany — 37.2 million
tons (+5.2%); Turkey — 36.9 million tons (+9.4%); Bra-
zil — 33.7 million tons (+5.3%); Iran — 31 million tons
(+0.8%).

Steel production in Ukraine in 2024 amounted to
7.57 million tons (+21.6% compared to the previous
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year 2023), thus the country took 24th place in the
global ranking of steel producers. In order not to return
to statistics, we note that in the first 2 months of 2025,
steel production in Ukraine amounted to 1.183 million
tons (+9.9% compared to the corresponding period in
2024); in the world ranking, Ukraine has been in 20th
place since the beginning of this year.

The current situation in the ferroalloy industry looks
as follows (Fig. 2).

Ukrainian ferroalloys
industry output,
thousand tons

Data source: UKrFA

Fig. 2. Production output at enterprises of the ferroalloy industry of Ukraine in 2022-2024, thousand tons.
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The industry resumed its work in April-May last year
after the above-mentioned forced shutdown in the fall
of 2023. According to the results of 2024, Ukrainian fer-
roalloy enterprises reduced production by 49.4% com-
pared to 2023 - only to 108.2 thousand tons. By type
of ferroalloys, production decreased as follows last
year: silicomanganese - by 45%, to 104.2 thousand
tons; ferromanganese - by 66.5%, to 3.6 thousand
tons. The output of ferrosilicon (calculated at 45%) and
other ferroalloys amounted to only 0.12 thousand tons
and 0.28 thousand tons, respectively. The production
of metallic manganese and manganese concentrate
was not carried out last year.

Significantly, more than 4.5 times in 2024, the ex-
port of Ukrainian ferroalloys was reduced - to 77.3
thousand tons from 344.2 thousand tons in 2023/ 2 /.

The temporary occupation of the territory of the
Luhansk and Donetsk regions by the aggressor re-
quired metallurgical and ferroalloy enterprises to radi-
cally reorient the raw material base to replace the lost
permanent suppliers. First of all, it was necessary to
resolve the issue of using alternative reducing agents,
which were previously produced from coking coal of
the Donetsk basin. In cooperation with coke and chem-
ical industry enterprises, the main parameters and spe-
cifics of using coke of various brands from new suppli-
ers for smelting the entire range of ferroalloys were
worked out, including such requirements for the quality
of reducing agents as CRI, CRS and electrical re-
sistance.

Similar work was carried out on limestones used in
blast furnace and ferroalloy charges and for lime pro-
duction. Alternative sources of limestone have been
found, including dolomitized, high- and low-phospho-
rus for various types of cast iron and ferroalloys. The
technology of calcining limestones of a new composi-
tion and macrostructure in shaft furnaces has been de-
veloped, improving the quality of the produced lime
while simultaneously increasing the service life of the
lining of the calcining furnaces from 1-2 years to 3
years.

The types of iron-containing raw materials used in
ferrosilicon smelting have been expanded; in particu-
lar, steel shavings have been replaced with other ma-
terials containing reduced iron and minimal impurities.

Increased attention has been paid to the pro-
cessing of previously accumulated slags from ferrosili-
con smelting using products for remelting. Technolo-
gies for casting this alloy into thin ingots in a mold with
a reduced depth on a carousel-type casting machine
have been mastered, which has reduced losses in the
form of metal beads. Losses of commodity alloys in the
process of product fractionation have been reduced.
Due to these and other measures, the consumption of
the ore part of the raw material containing manganese,
in the form of agglomerate and ore, has been reduced
by 15-20%, carbon reducing agents by 10-15%, and
electricity by 13-15%.

In conditions of periodic power outages, optimal
electrotechnological modes of ferroalloy smelting have
been worked out with regulation of the use of electric
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furnace capacities - reduction or complete cessation of
energy consumption in the time intervals of the great-
est daily deficit of electricity and its maximum cost.

The above-described measures have allowed to
stabilize the situation in the MMC to a certain extent,
but unfortunately, the so-called systemic currentissues
remain unresolved. The current problems of metallur-
gical and ferroalloy enterprises are as follows / 2 /:

- a larger share of enterprises that remained in the
territory controlled by Ukraine are located mainly in the
zone of direct active hostilities or in adjacent regions,
with all the inherent risks for equipment and personnel;

- metallurgical and, above all, ferroalloy enterprises
are suffering greatly from high electricity tariffs. Elec-
tricity prices for industrial consumers in Ukraine are
now often several times higher than in developed Eu-
ropean countries. In addition, industry pays 100% of
the prepayment for electricity for the next month. For
enterprises, this means significant frozen working cap-
ital, and if there is no electricity for two days after an-
other shelling, no one will compensate for these
losses;

- there is a constant shortage of production person-
nel due to constant mobilization and departure of em-
ployees to safer areas;

- logistical problems that MMC enterprises con-
stantly face. There is an increase in the cost of port
cargo handling operations in the ports of "Great
Odessa". A transition to annual transportation along
the Danube is possible, but the tariffs there are even
more expensive due to the increase in the burden of
railway freight transportation and the low volume of
vessel loading.

We very much hope that the development of the
domestic metallurgical and ferroalloy industries is in-
cluded in the pool of state interests. To support the sec-
tor, the authorities must, first of all, resolve the situation
with the rise in energy prices and in general for the ser-
vices of the so-called "natural monopolists”. Otherwise,
our industry will simply disappear, and Ukraine will not
have its own production of metallurgical products and
ferroalloys.

In the difficult realities of martial law, the main ef-
forts of the industry are aimed at preserving and max-
imizing the use of production capacities. But it is al-
ready obvious that a radical revision of all previously
developed programs and plans for technical re-equip-
ment and development of the industry will be required,
based on new conditions and guided by new princi-
ples. It is necessary to focus not only on the restoration
of facilities destroyed by the war, but also to take into
account all the latest achievements of world metal-
lurgy, world and European standards in the field of en-
ergy efficiency and environmental friendliness, mini-
mizing the use of raw materials and waste-free produc-
tion, and producing high-quality products based on the
requirements of metal-consuming industries, primarily
the construction and defense industries. This approach
is embedded in the Concept of the program for the re-
vival of domestic metallurgy in the post-war period,
which is currently being developed by the associations
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of Ukrainian MMCs together with industry and aca-
demic scientific institutions and universities.

When developing this document, Ukrainian scien-
tists and manufacturers take into account global and
European trends in the development of the so-called
"green metallurgy.” Let us recall that green metallurgy
is a set of measures aimed at reducing carbon dioxide
emissions in steel production. According to the Euro-
pean Green Deal, this level should be reduced by 80%
by 2050 - to 250 kg of emissions per ton of steel / 3 /.

Even before the Russian invasion, the export-ori-
ented Ukrainian industry was actively planning for the
“green” modernization of production. This was facili-
tated by several factors: Ukraine’s obligations under
the Association Agreement with the EU, the high re-
quirements of the European market for the environ-
mental friendliness of products, and the pressure of the
Ukrainian public, which does not want to put up with
the depressing state of the natural environment in in-
dustrial cities.

In the pre-war years, the share of spending on en-
vironmental protection measures in the total volume of
capital investments of mining and metallurgical compa-
nies increased from 39.8% in 2017 to 53.8% in 2020.
And the share of “environmental” investments in the
entire industry in the total volume of investments and
expenditures on environmental protection in industry
increased, according to the State Statistics Service,
from 41.1% to 54.8%, that is, the lion’s share of all pre-
war investments is environmental investments.

The war changed everything, and not only in
Ukraine. The Ukrainian events became an additional
factor that influenced the decline in industrial produc-
tion in the world. Restrictions on gas supplies by Rus-
sia caused an energy crisis, rising food prices and
global inflation. The World Bank predicts an annual in-
crease in consumer prices of up to 8.8%; inflation in
the eurozone, according to the European Commission,
will be 7.6%, and in the EU - 8.3%. High energy prices
negatively affect European industry, and the need to
change energy import routes causes an imbalance in
supply chains.

The taxonomy has changed: Europe had to include
nuclear energy and natural gas in the taxonomy as
fuels that contribute to the transition to a carbon-free
economy. It has become obvious that abandoning fos-
sil fuels is not so easy. Investments in their develop-
ment are growing, which means emissions in the ex-
traction process will decrease more slowly.

However, the EU's overall policy of moving away
from fossil fuels has remained unchanged. Moreover,
Russia's gas blackmail has convinced Europe of the
correctness of the chosen path. We quote the decision
of the European Commission: "Modernisation and de-
carbonisation of energy-intensive industries must be a
top priority. The European Green Deal aims to create
new markets for climate-neutral and year-round prod-
ucts such as steel, cement and basic chemicals. To
lead this change, Europe needs new industrial pro-
cesses and cleaner technologies to reduce costs and
increase market readiness. The Commission will
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support breakthrough clean steel technologies leading
to a zero-carbon steel production process. The EU
ETS Innovation Fund will help to deploy other large-
scale innovation projects to support clean products in
all energy-intensive sectors."

All these decisions also concern the Ukrainian met-
allurgy, taking into account the acceleration of
Ukraine's European integration with the EU: on June
23, 2022, Ukraine acquired the status of a candidate
for membership in the European Union and now we will
have to accelerate reforms in order, including in the en-
vironmental sphere, to truly enter the European family.

A number of environmental programs have been
developed in Ukraine, which are included in the draft
National Recovery Plan of Ukraine, including projects
in the metallurgical industry. The developers of the Re-
covery Plan intend to join the chain of added value of
"green" steel: increase the production of DR-class pel-
lets, ensure the production of direct reduction iron and
hot-briquetted iron, including using H2, and produce
"green" steel in electric arc furnaces. The total approx-
imate cost of metallurgical projects is $5.8 billion. This
includes private and public investments. It is expected
that most of the investment will come from private play-
ers after the introduction of competitive interest rates,
war zone insurance and measures to improve the busi-
ness environment.

To address these issues, we need to develop rela-
tions between European and Ukrainian companies in
the metallurgical sector in the post-war period and
would like to present some ideas on the possibility of
developing these relations. We have always held the
opinion that Ukraine needs to integrate its metallurgical
industry with Europe for the following reasons:

- Ukraine is an important part of Europe — territori-
ally, historically, even being a part of the European ge-
ological structure and is working on a strategic plan for
full economic integration with the European Union; the
metallurgical industry should be part of this integration;

- Ukraine has large resources of metallurgical raw
materials, which allows it to produce semi-finished
products necessary for the metallurgical industry of Eu-
rope;

- Ukraine, like Europe, does not have sufficient nat-
ural gas resources along with coal. At the same time,
the metallurgical sector, as is known, is a large con-
sumer of natural gas and coal using traditional technol-
ogies. Europe has begun to phase out that part of the
metallurgical industry that is heavily dependent on gas
and coke used in blast furnaces and has begun to
switch to electric arc furnaces that do not require the
latter. Ukraine should also adhere to this policy, pro-
ducing semi-finished products for European steel pro-
duction: direct reduction iron pellets (DRI Pellets), hot
briquetted iron (HBI);

- Europe is working on the development of "green
energy" resources in various sectors, including the
metallurgical sector, and has recently launched a new
program for the production of iron pellets using such a
renewable energy source as hydrogen. Ukraine has
great potential for the production of "green energy",
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including hydrogen, and has reserves of iron ore of a
certain quality; thus, Ukraine will be able to effectively
participate in this program and integrate with Europe.
Specialists of MMC-Center / 4 / have made calcu-
lations that indicate the best positions of Ukrainian
metallurgy to become major suppliers of "green" met-
allurgical raw materials, to ensure a "green" transition
to Europe. According to these calculations, Ukrainian
producers have the opportunity to increase steel

o %% ¢ ISSN 1028-2335 Nel, 2025

production by 2035 to 15 million tons at a capacity uti-
lization level of 80%, including 6.0 million tons of steel
- using low-carbon technology.

Maintaining and developing ties with the world met-
allurgical and ferroalloy community, Ukrainian metal-
lurgists will continue to look for ways to stabilize the
situation, first of all - to stop Russian aggression, and
in this regard we count on the active assistance and
support of our foreign colleagues.
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Some aspets in the electric arc steelmaking production

The electric arc furnace (EAF) is the initial aggregate and the key point in many carbon steel and in most stainless-steel
melting plants. In the article new solutions in construction, technology, operations and control, used in modern steelmaking
plant, will be presented. On literature background the results of author’s investigation in electric steelmaking area will be
showed. Special attention will be paid on the foaming slag technology used for thermal efficiency increase which means
a low cost operation. New elaborated and patented method of stainless-steel slag foaming technology will be described.
With slag foaming is connected the optimization procedure concern on minimum the electrical energy consumption and
tap-to-tap time. Industrial application in this area will be presented. As a separate chapter the solution in environmental

protection during EAF production will be described.

KEY WORDS: EAF, Foaming Slag, Electrical Energy, Steelmaking

1. INTRODUCTION

The electric arc furnace (EAF) is used to steel pro-
duction about one hundred years. Meantime from
simply construction and not complicated production
technology to present state of art the furnace was con-
tinuously developed. Nevertheless the modern fur-
nace is still based on the classical formulation, enough
close to the original idea, obviously technologically and
economically improved to make the EAF faster and
more efficient.

Steel is currently produced using a two-stage tech-
nology. During the first stage liquid metal bath is ob-
tained in the steelmaking furnace (the electric arc fur-
nace as well as the oxygen converter). During the sec-
ond stage the metal bath is subjected to refinement in
the process of the off-furnace steel metallurgy (also
known as the ladle metallurgy). The aim of the refine-
ment is to obtain a chemical composition and metallur-
gical quality which are appropriate for the produced
grade of steel. The goal is also to obtain the tempera-
ture which would enable proper casting.

The electric furnace steelmaking has been in-
creased continuously in recent years, except last year.
This trend is friendly for the environment if one consid-
ers that the EAF route facilitates the recycling of steel
scrap, the conservation of resources, and the reduction
of CO2 emissions from steelmaking. Among the avail-
able tools for metal bath creating, the electric arc fur-
nace seems the highest flexibility with respect to the
selection of charge materials and their structure. This
particular feature of the EAF allows to select the most
convenient charge mix which is less dependent on the
level of the market price fluctuations. The feasibility of
using steel scrap, DRI and hot metal in a range of 0 —
100% has been already confirmed by a large number
of existing installations.

The developments in electric steel making show the
big steps to reach the today's high standard. Im-
portance was the competition to the established AC
electric arc furnaces with high transformer perfor-
mance (SUHP furnaces) by the direct current DC arc
furnaces. With these furnaces the repercussion in the

mains voltage, the electrode consumption and the
noise emission was reduced remarkably. The DC elec-
tric arc furnace operates with just one graphite elec-
trode in the roof operating as the cathode, and a bot-
tom anode in the bottom.

Process modeling is often used for the observation
and control of the EAF process. Online process mod-
els allow the calculation of values incapable of meas-
urement like the actual liquid and solid steel and slag
mass in the furnace or the permanent monitoring of the
actual mean temperature of the liquid steel.

Two particular solutions to modern electric arc fur-
nace steelmaking are presented below.

2. THE FOAMING SLAG TECHOLOGY

Since many years the foaming slag practice in the
EAF is well established in low alloyed steel production.
It improves thermal efficiency of the melting, lowers re-
fractory and electrode consumptions, and provides a
stable arcing at lower noise level. Good foaming effect
is attainable by suitable slag viscosity strong affected
by iron oxide content in the slag as well as permanent
iron oxidation and iron oxide reduction by injected ox-
ygen and carbon into the metal bath and slag, respec-
tively. In case of high alloyed steels with high chro-
mium content the preconditions for slag foaming effect
are diametrical different. Oxygen injected into the steel
produces mainly chromium oxide with totally different
properties in comparison with iron oxide, it changes
significantly the slag viscosity. The solubility of chro-
mium oxide in the slag is considerable weaker in com-
parison with that of iron oxide at the same thermal and
basicity conditions. Also the reduction of chromium ox-
ide by carbon does not attain such intensity as the re-
duction of iron oxide. The gas generation is poor. The
oxygen/carbon injection technique in the high chro-
mium alloyed steel production is due to the chemical
and physical conditions evidently hazardous and diffi-
cult in operation. The risk of uncontrolled oxidation of
chromium is pronounced, resulting in high chromium
losses and poor foaming.
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The novel technology distinguishes principal from
the conventional one, which uses injection of oxygen
and carbon via manipulator lances. The new technique
bases on the reduction of iron and chromium oxide by
carbon as well as on the thermal dissociation of lime
stone contained in a small dimensioned briquette. Spe-
cific density of the briquettes is assorted to have value
between slag and metal. Its introduction into the melt
causes placing exactly on the slag and metal boundary
- optimal place for the requested gas generated reac-
tion.

(FeO) + Cparticle—or—dissolved = [Fe] + {CO}

(Cr,0,) +3C = 2[Cr] + 3{CO}

particle-or—dissolved

The reaction (1) in carbon steelmaking is the prin-
ciple and iron oxide is the major component in the slag.
When the slag viscosity is suitable for sustaining foam,
then the simple carbon injection into the slag causes
the foaming effect. Other situation is in case of stain-
less steel slag. The major components are CaO, SiO:
and Cr20s. The SiO: is a fluxing component, while the
Cr20s stiffens the slag. Due to the higher chromium af-
finity to oxygen the Cr2O3 generation takes place pref-
erentially in comparison with FeO. Therefore it is im-
portant to control the chromium oxide content and the
slag basicity, responsible for the viscosity, which con-
strains gas bubbles to temporary detainment in the
slag layer.

The bubble forming phenomenon is a process of
formation new surface area by the mechanical force
resolved by reaction gas. In the presented technology
this gas is effective for the reduction reaction of metal

Co, CO,
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2.1 Idea of slag foaming formation

Two factors define the foamy slag formation: the
foaming material with the corresponding reacting com-
ponents, which produce gaseous products, and the
slag viscosity dependent on the chemistry and temper-
ature. A liquid slag is for the foam formation a prereg-
uisite.

The principal reaction that creates gas bubbles in
the slag is the reduction of iron and chromium oxides
are given by the following stoichiometry:

@)
)

oxides by carbon taking place in a briquette or pellet
introduced into the metal bath. Buoyancy forces of
bubbles crack the slag surface saturating temporarily
the top layer to create the foam. With a sustained gas
flow coming from the reacting briquettes the population
of the bubble aggregation as foam continues to grow.
As a consequence of it, the height of the foam layer
increases. Importance for such mechanism is the opti-
mal placing of the briquettes to get the maximum foam-
ing effectiveness. It is the boundary between the slag
layer and liquid metal. With the control of the briquette
density, corresponding to the range between that of
slag and metal (3-7 t/m3) such placing is always reach-
able. The foam height increases with the increase of
the gas flow rate; it is directly proportional to the foam-
ing material rate.
Fig. 1 illustrates the principle of the slag foaming.

Foaming material

Foaming slag

Buoyancy force

Final location of
reacting briquette

Figure 1: Principle of foaming slag formation by briquette.

Theoretical considerations and laboratory tests

The aim of this laboratory experiment was to estab-
lish adequate forms and chemical compositions of the
materials for effective foaming of high chromium oxide
slag. The materials were supposed to contain iron ox-
ide scales, carbon carriers, and high-carbon ferrochro-
mium as weighting agent as well as possibly calcium
carbonate as additional producer of gas for foaming
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process. As to the form of the foaming materials either
briquettes or pellets of different sizes were considered.
Furthermore, the research study was carried out by
making laboratory heats, sampling metal and slag
phases for chemical analysis in order to optimize the
foam ability.

In the first stage of the work, the most promising
materials for foaming were selected based on
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theoretical considerations. A model for computation of
the specific densities of the foaming mixtures was ap-
plied.

In the second stage of the work, the foaming mix-
tures were prepared in forms of briquettes and pellets
of different sizes. A number of 40 heats were per-
formed in a laboratory arc furnace to investigate the
impact of various parameters on the height and stabil-
ity of the generated foams (Reichel et al., 2008).

In the third stage, the experimentally obtained re-
sults were analysed and the final conclusions and tech-
nological recommendations as to the optimal condi-
tions for the slag foaming were established.

Results indicate that the highest foamability was
obtained for the pellets of a 8-10 mm diameter, while
the lowest for those of a 2-5 mm diameter. The effect
is due to the fact that small pellets do not sink trough
the slag layer down but float up to the slag surface. The
phenomenon is caused by the interfacial tension
forces at the pellet/liquid slag boundary. While floating
on the slag surface, the bubbles formed in the pellets
do not go into the slag layer but go into the ambient
atmosphere. For pellets, the foaming time was lower
than this for briquettes. It can be explained by the kind
of their structure. Briquettes which are compressed
materials have lower porosity. Decreased contact sur-
face with liquid slag causes slower heat transfer,
slower reduction of the iron oxides in the briquettes and
in consequence lower gas rate. Only briquettes were
selected for industrial examination.

Industrial tests

On the base of the above described laboratory test
the industrial test of foamy slag at high Cr-oxide in an
EAF was carried out to prove its industrial functionality
as well as viability. The EAF-AC with the capacity

SiO2 (100%)

Slag composition after briguette addition
Test Fgamy sla /Aceslta&

S

GAN

Average B= 1,311

Crz03 100%)
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between 25-35t and transformer of 32 MVA is de-
signed for pre-metal production of austenitic and ferritic
steel grades in common operation with the down
stream operating 80t AOD-L and MRP-L converters.

The test being integrated into the current production
consisted of 45 austenitic and 15 ferritic heats. The test
procedure distinguishes from the normal operation,
where oxygen is blown during the whole super heating
period. The reason of such procedure was to separate
the oxygen effect on the carbon and metal oxidation,
additional generation of CO bubbles, as well as impact
effect of the gas stream. Several heats were tested un-
der normal operational conditions.

As the test results show, the foaming of a Cr20s rich
EAF slag is a difficult but under controlled slag condi-
tions possible task. Results of this industrial test con-
firm the correct recipe of the foaming material and the
optimal reacting place of the briquettes. Further expe-
riences of the test show also dependences between
the initial slag amount and its foamability. Intensive gas
development in combination with the slag mass and
the desired low viscosity allows slag generations with
sufficient height for complete cover of the electric arcs.
The optimal initial slag amount fluctuates in the range
68-72 kgltsteel. Fig. 2 illustrates areas of slag composi-
tion after briquette additions. It can be seen, that the
most slags were good reduced. The average residual
Cr203 in the slag was indicated by 4,2%. Also the ba-
sicity in the range 1,3-1,35 was established as optimal.
This part of the slag system must be considered to be
the optimum area. The viscosity is in this part low, how-
ever, partly undissolved lime and higher Cr20s content
increases the viscosity. Fig.3 illustrates a typical slag
height development of a AISI 304 heat. The slag
heights were measured with a reference to the elec-
trode diameter.
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Figure 2: Standardized slag diagram. Figure 3: Slag height course.

As the curve shows, after approx. 2 minutes the
slag reached the adequate height suitable for the elec-
tric arc cover. During the next 4 minutes this level was
established, leaving the required range after 4 - 5
minutes. It should be mentioned, that since the 3.5
minutes an overflow of the slag through the furnace
door was observed. The slag mass was relating to this
continuous reduction until a stable level was reached.

It was observed in other tests with oxygen blowing, that
the oxygen stream support in the receipt of the foaming
layer. In view on the electrode consumption the foamy
slag has an undisputed significance.

All tests demonstrate that the new foaming slag
technology for stainless steelmaking in EAF which is
carried out by foaming materials containing scale, car-
bon and ballast materials, introduced into the furnace
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in briguettes form with a special defined density and in
combination with a controlled slag viscosity implicates
sufficient foaming quality and its height. The slag
height is controllable by intensity and duration of addi-
tions.

3. THE OPTIMISATION OF THE ELECTRIC
ENERGY CONSUMPTION IN THE EAF

The aim of steel production in the arc furnace is ob-
taining the liquid metal bath from the scrap metal as
quickly as possible and using as low costs as possible.
The structure and the construction of the furnace is
subordinate to the aim. So it is the technological
method of running the process. The technology of the
process encompasses proper preparation and loading
of the charge materials (scrap, slag forming materials,
carburizing materials) as well as their melting by
means of electric energy transformed into heat in the
electric arc. The optimal control of the work of an arc
furnace with the alternating current is a complex pro-
cess due to the quantity and variety of the working pa-
rameters. Many physical phenomena as well as chem-
ical reactions take place during the melting process.
Their precise mathematical description does not seem
possible. At the same time the competition at the steel
market requires the furnace to work economically
which is tantamount to a decrease in production costs.
It is impossible to optimize the furnace work in a way
that would decrease the costs and produce high quality
steel in a universal way at the same time. Different pro-
ducers apply different methods of controlling the pro-
duction costs.

Parameters of EAF’s work
coming from industrial condi-
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Therefore, an attempt has been made to optimize
the demand for electric energy used in the production
process in the arc furnace. The used energy is one of
the most important components of the production
costs. If one plans such parametres of the furnace that
would optimize the use of energy, the costs will go
down.

3.1. The concept of the model

Many physical and chemical phenomena, which
take place during the steel melting process in the
electric arc furnace, can be presented by means of the
physical and chemical models decribing these
phenomena. One of such phenomena is calculating
the demand for electric energy. Preparing a model of
electric energy demand will enable the optimisation of
the electric energy consumption. So far many models
used in industrial practice have been described in
literature (Adams at al., 2001; Unal et al., 2003; Kohle,
1999; Pfeifer and kirschen, 2002). The most often used
methods included the method of selecting the
equation’s form and determining the facors. The use of
modelling based on the physical chemistry of the
process is a difficult task on account of a large amount
of simultaneous physical and chemical phenomena
requiring a complex mathematical description.
Therefore, an attempt was made to use a method
based on the calculus of probability. The genetic
algorithm method was used in order to identify the
available statistical equations describing the use of
electric energy in the arc furnace (Figure 4).

Optimal parameters of genetic
algorithm’s work

Equations for electric
energy demand pro-
posed by literature

Genetic algorithm

The limits set by the
construction and the
technology used in

The EAF’s work parameters
enabling a decrease in electric

the analyzed aggre-
gates

energy use

Figure 4: A schematic diagram of the proposed model

3.2. The obtained results

Elaborated software was used to calculate such
factors of the melting process that would ensure mini-
mal demand for the electric energy. The obtained re-
sults were compared with minimal, maximal and me-
dium values from the actual real melts.

The developed software AGEAF was used to cal-
culate the optimal demand for electric energy in the
steelmaking process in the electric arc furnace. The
real parameters describing the steelmaking process
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with values ranging from the minimal to maximal val-
ues were used as the entry data. The values of the pa-
rameters were established according to the AGEAF al-
gorithm in order to obtain minimal demand for electric
energy. The energy was calculated by mean of differ-
ent equations, detailed described in literature (Czapla
etal., 2008). The obtained results, as an example, and
average values for the real melting processes are
shown in Table 1.
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Table 1: The average values from real melts and the obtained factor values which enabled minimal energy

consumption and which were calculated the AGEAF software use.

Average | Predicted values
Factor's name values of . . . .
real Equationa | Equationb | Equationc | Equationd
melts
Calculated value of the electric energy
demand, kWh/Mg 396 294 273 293 285
We|ght of metallic charge, Mg met- 157 151 145 153 159
alicznego, Mg
Weight of melted metal, Mg 140 145 148 149 152
Weight of remaining metal, Mg 10 6.2 4.6 7.6 3.0
Slag weight, Mg 10 10 10 10 10
3
?(’?'G)ggen used for the process, m3/Mg 33 33,5 35 32 34
Gas used for the process, m3/Mg 3.4 2.8 2.15 35 4.9
Tem_perature of the metal bath before 1609 1609 1609 1609 1609
tapping, °C
Tap to tap time, min 52 58 53 55 61
Time of energy consumption by the 40 35 40 24 42
furnace, min

* - detailed description of equations (a) + (d) is included in literature (Czapla et al., 2008)

The minimal demand for electric energy calculated
on the basis of equations is in each case smaller than
that for the real melting processes. Consequently, it is
possible to select such values of particular factors that
would lower the demand for electric energy. The anal-
ysis of particular values of different factors led to the
conclusion that equation (b) best reflects the real work-
ing conditions of the investigated arc furnace. In order
to optimize the demand for energy, it is advised to use
the above mentioned equation. As can be seen from
the data in Table 2, the calculated values of particular
factors are different from the average values from real
melting processes. The smallest difference that can be
noticed is that in the time from one melt to another and
the biggest difference is that in the melted metal
weight. Such results show that the time from one melt

to another has the biggest influence on the energy de-
mand. The factor showing the biggest difference from
the average real value has the least significance when
it comes to energy demand. Similar relations were ob-
tained as far as other analyzed equations are con-
cerned.

The analysis of the results shows that the quality of
the database used for optimizing the energy demand
is not the best. It can be said that the minimal and max-
imal values used in optimizing the energy demand
were coincidental to a large extent. That is why theo-
retical minimal and maximal values of particular factors
were assumed. They were prepared on the basis of the
furnace’s construction parameters and technological
data and are shown in Table 2.

Table 2: Theoretical parameters for the optimization process in AGEAF software for the furnace.

Factor’'s name V"?"‘_‘es -

Minimal Maximal
Weight of the metallic charge, Mg 140 165
Weight of melted metal, Mg 120 162
Weight of remaining metal, Mg 0 10
Slag weight, Mg 8 12
Oxygen used for the process, m3/Mg 0 50
Gas used for the process, mé/Mg 0 10
Temperature of the metal bath before tapping, °C | 1590 1610
Tap to tap time, min 45 55
Time of energy consumption by the furnace, min | 35 45
DRI weight 5
HBI weight
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AGEAF software was again used to calculate the
electric energy demand on the basis of minimal and
maximal values from Table 2. The results are pre-
sented in Table 3. The results show that the calculated
value of optimal, i.e. minimal, demand for energy as-
sessed on the basis of equations (a) + (d) differs
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depending on the equation. The smallest value was
obtained in the case of equations (a) and (d). Higher
values were obtained in the case of equations (b) and
(c). It means that for such working conditions it is good
to use equations (a) and (d).

Table 3: The factor values which enabled minimal energy consumption and which were calculated he AGEAF

software use

Factor's name Predigted values . . .
Equation a | Equation b | Equation ¢ | Equation d

calculated value of electric energy de-
mand, KWh/Mg 297 349 350 298
Weight of the metallic charge, Mg 144 151 159 150
Weight of melted metal, Mg 141 146 147 142
Weight of remaining metal, Mg 8 4.9 9.0 7.7
Slag weight, Mg 10 10 10 10
Oxygen used for the process, m3/Mg | 42,36 32 32,9 40
Gas used for the process, m3/Mg 3.8 2.7 8.2 7.3
Tem_perature of the metal bath before 1600 1600 1600 1600
tapping, °C
Tap to tap time, min 52,9 50 52 46,5
Time of energy consumption by the 38 37.6 38 38
furnace, min
DRI weight - 4,47 - 2,65
HBI weight - 1 - 2

* - detailed description of equations (a) + (d) is included in literature (Czapla et al., 2008)

The values of the factors which cause the optimal
energy consumption show that it is recommended to
work on the melting technology. It is recommended to
develop such technologies that would use those fac-
tors that make the energy demand optimal.

4. CONCLUSIONS

Steel is sometimes produced using a two-stage
technology. During the first stage liquid metal bath is
obtained in the steelmaking furnace but during the sec-
ond stage the metal bath is subjected to refinement in
the process of the ladle metallurgy. Among the availa-
ble tools for metal bath creating, the electric arc fur-
nace seems the highest flexibility with respect to the
selection of charge materials and their structure. This

particular feature of the EAF allows to select the most
convenient charge mix. Process modeling is often
used for the observation and control of the EAF pro-
cess. Online process models allow the calculation of
values incapable of measurement like the actual liquid
and solid steel and slag mass in the furnace or the per-
manent monitoring of the actual mean temperature of
the liquid steel.

Two particular solutions to modern electric arc fur-
nace steelmaking are presented in the article:

the foaming slag technology used in case of high
alloyed steels with high chromium content and

the developed software used to calculate the opti-
mal demand for electric energy in the steelmaking pro-
cess in the electric arc furnace.

References
1. W. Adams, S. Alameddine, B. Bowman, N. Lugo, S. Paege, P. Stafford: Proc. 59" Electric Arc Furnace

Conference, (2001), Phoenix Arizona.

Ll SN

1999.

ou

U. Camdali, M. Tunc, A. Karakas: Energy Conversion and Management 44, (2003), 961.
M. Czapla, at al.: 9" European Electric Steelmaking Conference, (2008), Krakow, Poland.
S. Kéhle: Recent improvements In modelling energy consumption of electric arc furnaces, Diisseldorf, Germany,

H. Pfeifer, M. Kirschen: Electric Steelmaking Conference,(2002), Venice, Italy.
J. Reichel, at al.: 9" European Electric Steelmaking Conference, (2008), Krakow, Poland.

Haditiwna 0o pedkoneeii / Received by the editorial board: 10.01.2025
lpudiHama 0o dpyky / Accepted for publication: 10.03.2025

40



Nol, 2025 ISSN 1028-2335 & s sommenmisriiiik

JIleopis i NPaKMUKg Memarypeii
https://doi.org/10.15802/tpm.1.2025.06

Stovpchenko Ganna, Medovar Lev
Decarbonisation challenges for steelmaking and scrap recycling role

Abstract

This article discusses the challenges the steelmaking industry faces in striving to achieve competitive alternatives and
potential solutions in response to the imperatives of decarbonization and zero-waste manufacturing. Expanding scrap
recycling is a logical practical solution that the steel industry must pursue to effectively reduce its carbon emissions amidst
its current structure. One of the steps towards achieving this is by utilizing alternative scrap sources to enhance iron
recovery. The Recovery Slagged Scrap (RSS) from steelmaking includes metal pieces covered by low-conductive slag,
which changes its melting behaviour. Analysis of trials results has shown that adding RSS to BOF iron-bearing charge
mix can speed up the formation of primary slag and at proper consumption does not pose technological difficulties. Utilizing
RSS as a coolant or slag-forming addition may improve the melting process and provide cost reduction of a charge mix

for a steelmaking facility.

Introduction: state-of-the art of CO2 emission
in today's steelmaking routes

Steelmaking is one of the energy- and CO:-
intensive branches of the modern industry [1,2]. Every
average ton of crude steel (1,882.6 bin ton production
in 2024) is accompanied by around 1.85 tons of COz,
summarising 7-8% of global emissions.

Throughout all stages of metals’ raw excavating,
preparation, and processing, there are both direct and
indirect emissions of greenhouse gases, including
CO:a. Direct emissions include methane at coal mining,
coke gas at coke burning, and exhaust gases from the
reduction and burning of carbon-bearing components
(at sintering and pellets roasting, blast furnace (BF) or
direct reduction iron (DRI) gas- and coal-fed units, and
steel melting in oxygen converters (BOF) and electric
arc furnaces (EAF)) and CO: at limestone and magne-
site calcination. Indirect emissions come from energy
used for all these and downstream technological pro-
cesses and transportation. Not less problem for further
sustainable growth of steelmaking is the considerable
amount of raw materials needed annually: iron ore —
2.4 bin ton [1, 2]; coal — 1.1 billion tons; lime (dolime)
140-160 min t [3]; and magnesite — 18 - 27 min t (for
refractory lining and mixtures [4]).

The focus of steelmaking over the past decade has
shifted towards the development of low-carbon and
carbon-free technologies. The leading steel manufac-
turers form Global Low-Carbon Metallurgical Innova-
tion Alliance [5] making strides towards a low-carbon
future [6] and have taken up the challenge to achieve
carbon neutrality in 2050 to meet the Paris Agreement
on climate change targets. Ferrous metallurgy’s CO>
emissions are expected to fall 30% by 2050 compared
to 2021 levels [7] and the main challenge is efficiently
remove carbon from iron reduction processes.

The main source of CO2 emissions is ironmaking
dates back to prehistoric times, when mainly only car-
bon and flame were available for iron reduction from
metal-bearing ores. To someone without knowledge of
the features of the optimal conditions for the realisation
of variety of physicochemical processes of reduction
and refining in steel production, the procedures may
seem paradoxical and illogical. In the traditional blast
furnace-oxygen converter tandem, a large amount of

carbon is first used to produce pig iron and its content
in the metal is increased to almost 4%, and then it is
removed using oxygen, which was removed from the
ore on the first stage. Nevertheless, the blast furnace
(BF) is still the most efficient unit of carbothermic re-
duction of iron. Furthermore, the downstream Basic
Oxygen Furnace (BOF) process converting an iron into
steel is also very attractive, being energy efficient due
to the exothermic oxidation of carbon, silicon, and iron
during oxygen blowing, eliminating the need for exter-
nal heat sources.

It should be mentioned that the GHG emission from
today's steelmaking routes (t CO2/t steel) is sufficiently
different [8,9]: BF followed by BOF produces 2.33; nat-
ural gas-based DRI followed by EAF — 1.37; and EAF
with 100% scrap — 0.68 (based on 2022 calculation),
that defines last option to be the mainstream vector. To
cut CO2 emissions, the ironmaking route must be fun-
damentally transformed (by eliminating carbon as re-
ductant) or added by installations capturing CO: from
exhaust gases.

Specific strategies and technologies employed by
steel manufacturers may vary depending on factors
such as energy consumption conditions and develop-
ing technological improvements [10] market con-
straints and regional regulations.

We do not discuss in detail the most ambitious sce-
nario of the global transfer to electrolytic hydrogen as
reducer and fuel, which, like the direct electrolysis of
iron, can provide genuinely carbon-free metallurgy
since there is yet to be enough energy capacity for
such transition worldwide. Nevertheless, the concept
of green hydrogen electrolysis is promising for its po-
tential as a clean and renewable energy carrier and
power grid stability balancing in spite that its large-
scale production remaining economically challenging
[11-13].

Currently, most hydrogen production is achieved
through steam methane reforming, which utilizes natu-
ral gas. This method gives "blue" hydrogen that is
cheaper but results in carbon dioxide emissions that
should be accounted for steel making it "grey" (not fully
"green”). The challenges include the need for exten-
sive infrastructure for hydrogen production,
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transportation, and storage, and the overall economics
of the process.

Small-scale pilot projects and demonstration plant
have successfully produced molten iron by iron oxide
electrolysis (MOE) [14-16] using renewable energy,
but these projects face constraints when it comes to
scaling up production to meet significant volumes of
demand and the high cost of renewable energy tech-
nologies. As renewable energy technologies become
more cost-effective and efficient, the economic viability
of large-scale projects is expected to improve and
open pathways for implementing technological ad-
vancements for traditional and future industrial routes.

The nowadays challenges of basic oxygen
steelmaking industry

A significant share of today's steelmaking ecosys-
tem consists of the energy-efficient but carbon-
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intensive BF/BOF route, which changing for any other
facilities would have far-reaching effects on steel cus-
tomers. For example, In the EU in 2020, more than half
of the steel produced (56%) was made via the primary
BF/BOF route and the other 44% through the recycling
route using EAF [17]. In China, which produces half of
all world steel, abandoning the BF/BOF route favouring
EAF is most challenging because BOF steel share is
almost nine times higher than that produced in EAF
(10.9%).

Besides, only scrap recycling is not enough source
to meet the growing steel demand. Global consump-
tion of ferrous scrap in 2022 was 610 million tons,
nearly 32%wt of raw materials, for 1.95 billion tons of
total crude steel production (Figure 1).
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Figure 1 — Scrap share and main performances of steelmaking by countries (2022).

The most developed and commercially proven
pathway to decarbonization is the EAF route involving
alternative iron-bearing charge materials and effi-
ciency-increasing techniques - scrap preheating,
waste heat recycling and clean materials using. The
possibility for the near future is to use proven steelmak-
ing routes [18-20] together with existing infrastructure
and technologies (Figure 2) combined with Carbon
Capture Utilisation and Storage (CCUS) [20-22].

In our opinion, renewable electricity, minimized car-
bon and maximized hydrogen involvement as fuel
wherever possible, and Carbon Capture Utilisation and
Storage (CCUS) technologies are effective pathways
to low-CO2 and fossil-free steelmaking, which will be
implemented in the nearest future. CCUS-equipped
production is already a reality [21,22], which should be
but not jet scale-up to big industrial capacities.

Integrated steel mills with BF-BOF are now elabo-
rating strategies to change existing flow charts with
more sustainable options. Despite the enormous in-
vestments needed, some producers have already de-
cided to replace BF with DRI facilities. The direct re-
duced iron manufacture is now considered crucial to
near-zero emission steel, and DRI involvement is
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foreseen for both BOF and EAF finals. However, the
BOF process is inefficient with only solid iron-bearing
charge mix and, therefore, an intermediary smelter be-
came necessary to melt DRI and feed BOF by hot
metal. Thus, well-developed and widely used in the fer-
roalloys industry, submerged arc furnaces (SAF) are
good candidates for liquid metal supply to BOF.

Nevertheless, the tandem of DRI and EAF units is
today's most recognized alternative to the traditional
BF-BOF route, which rather not survive without equip-
ping by CCUS.

Another common concern is the raw materials qual-
ity worsening: recirculated steel scrap accumulates
tramp elements, and high-grade ores availability and
iron content in DRI concentrates are shrinking, increas-
ing the range of harmful and ballast components as
well. DRI's residual gangues (having a high content of
silica oxide) will increase lime and flux consumption.

Besides, replacing both graphite electrodes and
magnesium-carbon lining in EAF with other materials
will fundamentally change existing practices.

Modern EAFs use a single-slag process with scrap
melting intensification by oxygen blowing and bath mix-
ing by neutral gas purging for ordinary semi-finished
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product manufacturing for further secondary metal-
lurgy processing. High-performance electric arc fur-
naces are equipped with powerful transformers (0.7 -
1.5 MVA/), wall gas-oxygen burners system and door
manipulators with oxygen lance. Slag foaming by in-
jection of carbonaceous powders (10-15 kg/t) with the
simultaneous blowing of oxygen (30-60 nm?3/t) accom-
panies by CO2 emission but gives substantial gains:
exothermic reaction heat (chemical energy), arcs
shielding to better energy transfer to metal bath and
additional power from CO afterburning reducing overall
energy consumption on 10-30 kWh/t despite of more
slag-forming additives; fewer metal losses due to part
of iron oxides reduction from slag; nitrogen absorption
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decreases by 10-20 ppm (to a level of about 30 ppm
for conventional semi-product).

The best available practice of high-performance
100-120 t EAF demonstrates specific electricity con-
sumption of 310-360 kWh/ton due to up to 45% of the
total heat input from chemical energy sources and mix-
ing a bath, the heat duration - tap-to-tap time (TTT)
reaches 34-45 minutes [last record 2023 was at
Badishe stahl werke [23], which is approaching but
less than the indicators for oxygen converters, which
besides have larger volumes. Increasing the metal
bath diameter reduces the efficiency of wall burners
that lowering productivity. That means more EAFs will
be necessary to balance the productivity of replacing
BOFs.

Main raw material Iron Hot metal Steelmaking Secondary CO, Future
reduction unit metallurgy emission improvements
Iron ore BF Pre-treatment BOF 2,33 Circular carbon
Coke § o — ‘| LF Biomass
Scrap (up j;[)\» ( | ] reductants
| Hydrogen injection
De-S /Dé|—P ﬁlm _ Carbon capture
Actual b mf/(_- and usage
EAF u
SOLID CHARGE -Scrap up to 100% | |/ Clean electricity
(ch) l:lll
A5 (+pig iron+DRI) QI'] VD/VOD 0,68
DRI — CH4 EAF 1,37 Clean electricity
High-grade iron ore LN Hydrogen tq iron
Methane/Hydrogen I" H ore reduction
Scrap A 4 l ﬁ'I —
Clean electricity | pRj unit - H, Near Zero
LTS Low-grade iron ore DRI unit — Smelting in BOF Circular carbon
Hydrogen CHq4 SAF-type I Carbon capture
reduction smelter and usage
Clean electricity Q Sufficient
reduction
-
DRI unit- H,

Figure 2. Flow diagrams of main eventual routes of steelmaking

Thus, there are several challenges connected with
BOF replacement by EAF. Increasing EAF operational
tap weight to 200-350 tons requires installing trans-
formers of colossal capacity. If we take norms of 0.7 —
1.5 MVA/t nowadays, their power will reach 150-600
MVA. The problem is that units will introduce significant
disturbance and imbalance in the electrical distribution
grids.

The entire range of existent iron-bearing charge in-
volvement and phasing out carbon in EAF require
drastic changes in the already well-optimized technol-
ogy. Today electric arc furnaces can use various types
of initial charge mix: scrap metal - up to 100%, liquid
iron - up to 40%, and direct reduced iron - up to 100%,
providing the most ecology and cost-efficient
steelmaking process emitting much less CO: than the

BF/BOF route. Steel scrap is the original raw material
to melt in EAFs, and operation with other charge com-
ponents both the DRI and or iron is less efficient be-
cause requires changes in technology and, in the ideal
case, in the EAF design:

- both DRI and iron usage accompanied by bigger
volumes of forming slags because of high silicon in
their composition, which should be removed from
metal and bound with lime additives;

- blowing of high carbon and silica iron melt accom-
panied by the temperature increase requires coolants
(scrap, DRI, lime) that also leads to the same problem
with slag handling. Moreover, molten iron usage does
not align with decarbonization (as discussed above).

Another essential task is prioritizing the circularity
of basic oxygen steelmaking (both from BOF and EAF)
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by-products, such as basic oxygen steelmaking slag
(further BOS), through iron recycling. For every ton of
crude steel produced is accompanied in average with
150-250 kg of slag. The composition of BOF/EAF slag
typically consists of 85-90% mineral components,
which are complex oxides of calcium, silicon, alumin-
ium, manganese, iron, and calcium and manganese
sulfides, and 10-15% metallic phase, made up of drop-
lets and beads of various sizes and shapes. While BF
slags are fully utilised in cement production and road
construction good for other applications the steelmak-
ing slags (both from BOF and EAF) is more challeng-
ing to reuse in the same fields due to the high content
of metal oxides (iron, manganese, chromium and oth-
ers (depending on the particular shop), metallic parti-
cles of various size and undissolved lime [24-29].

The extraction of metal pieces and particles of var-
ious fractions (usually to less than 1 mm) is the primary
stage of today's way of solid steelmaking slag reuse
that involves mineral processing technologies. Recov-
ery slagged Scrap (RSS) gained from cooled
steelmaking slags are specific materials with metal and
slag parts. The annual formation of RSS worldwide can
be estimated at 29 - 43 miIn tons that cannot be ne-
glected, and this resource can be effectively used in
steelmaking, reducing demands for primary raw. For
these reasons, this article gives a mathematical

' Figure 3. The p

The slag part of RSS was a hardened stone-like
substance with 2.8-3.6 basicity (> (CaO + MgO)/ > SiO2
and FeO content 17-22 wt%. The main components
content was determined by X-ray fluorescence method
according Ukrainian standard DSTU 3564-97. The
slag part is similar to the composition of the high basic-
ity refining slag at the end of BOF melt (CaO/Si02>2.8;
CaO 45-60 wt%,; SiO2 13-18 wt%; FeO 15-25wt%;
MgO 4-8 wt%:;) that is consistent with many previous
researches [24, 28-30]. The bulk density was defined
as simple dividing a mass (4.5-5 tons) of RSS scrap
(20-200 mm) on scrap pan volume (3 m?) that gave the
bulk density value in the range 1500-1600 kg/m?2.

Metal part chemical composition was determined
by standard spectral analysis according to
ASTM E415-21. Elements content it deviated from
piece to piece, but average total alloying elements is
less than 1 wt%, sulphur and phosphorus contents are
in the limits for ordinary structural steels (no more than
0, 04% for both).
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simulation of RSS melting and the results of its use in
BOF shop.

Some results and consideration on Recovery
Slagged Scrap (RSS) involving in steelmaking

In this study, the results of industrial batches of Re-
covery Slagged Scrap (RSS) is presented as the pro-
spective way of COz emission reduction and approach
to zero-waste manufacturing. RSS (fraction 20-200
mm) was obtained from a specialized crushing and
screening complex that processes slags from Ukrain-
ian steelmaking plant (BOF producing semi-product of
low-alloy steel grades). Cooled slags discharged from
slag pots were crushed by a falling load with collecting
of largest parts of Recovery Slagged Scrap (RSS). The
rests were crashed further and classifying with under-
going de-slagging on a tumbling drum with further ben-
eficiation (gravity, size, and magnetic separation) and
further classification into batches. The metal part has
the same composition as that of averaged semi-prod-
uct of the shop, and the slag part chemistry is the same
as a final refining slag in the steelmaking unit. The slag
shares on the surface of RSS depended on its pieces'
size and shape and made about 5% in weight (12-15
%vol) on average for fractions 20-200 mm from the
slag of the BOF shop. The slag-free metal surface of
scrap pieces is covered by a 1-2 mm thick iron oxides
layer (Figure 3).

pearance of bulk RSS in fraction 20-200 mm (a) and separate‘piece (b) - 85 mm in length.

Because of sufficient oxide layer on the RSS sur-
face (both slags or oxides), its melting mechanism is
different from conventional scrap with a clean surface.
At low melt flow velocity, RSS pieces melting time is
close to ordinary scrap pieces. At higher rates that are
typical for high-intensive steelmaking processes, the
melting time of RSS pieces can increase. Faster melt-
ing of RSS occurs due to low melting points and low
thermal conductivity of slag, reducing the period of fro-
zen shell formation preceding the kinetic stage of melt-
ing. The importance of the period of frozen shell was
formation shown by research [31], where it takes al-
most 50% of the total melting time of DRI, and the
thickness of this shell increases by increasing the initial
particle size. The discovered patterns also coincide
with the conclusion made for scrap melting controlled
by carbon mass transfer at 1573—-1723 K that the rela-
tive contribution of parameters is the following: mixing
power > bath temperature > specific surface area >
carbon content [32].
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This approach can enhance RSS technology in
steelmaking units. Since RSS screens heat transfer to
the lower layers of charge it is not recommended to put
it above of another scrap grades that should be com-
pelled at loading profile composing. To prevent sticking
of RSS in big pieces it should be charged over the en-
tire area of a steelmaking unit bath. Faster melting of
the charge mix containing RSS and induction of pri-
mary slag due to the participation of scrap slag in slag
formation, which made it possible to reduce the con-
sumption of lime and fluorspar without deteriorating
desulfurization conditions. However, in this case, it is
necessary to take into account the specifics of the RSS
composition and, probably, a change in the loading
technology and intermediate slag removal be required
to prevent an increase in the content of impurities but
this reduces the productivity of the converter.

The early formation of slag via dissolving lime is a
crucial factor for reducing iron burning losses, efficient
melt refining and lining protection at oxygen blowing in
both BOF and EAF [27, 33,34]. Due to relatively low
melting point and high content of FeO the RSS's slag
part contributes in early appearance of liquid slag and
increasing its basicity (CaO/ SiO2) supporting
dephosphorization and desulphurization. The positive
effect of BOF’s slag reuse in various periods of melting
is well known - slag can act as fluxing agent intensify-
ing lime dissolution and slag formation, as BOF’s bath
cooler while and after blowing and as a thickener for
the final slag before tapping to reduce its ingress into
the ladle and for lining slagging. The RSS’s slag cover
performs the same functions increasing primary slag
volume, basicity and speed-up lime dissolution [33-36].

Content of elements in RSS is close to a final prod-
uct that is good for any processing unit. RSS extracted
from BOF slag of steelmaking plant producing semi-
product of low alloyed steels fully meets these require-
ments since deviations of semi-product composition
are quite narrow, besides several heats' slags can be
averaged in one batch.

In the BOF steelmaking process, two types of slags
are formed: slags of the initial melting period - primary
slags with a high (up to 50 wt%) iron content (repre-
sented by FeO and Fe20s3 oxides and metal beads)
and low basicity. Such slags are discharges after the
initial refining period completion and in principle can be
stored and processed separately for utilisation for other
purpose; -the final slags from the production of low-car-
bon steel contain a lower amount of iron (see above)
but have higher basicity value (up to 4 units). A small
part of the final slag enters the steel-pouring ladle to-
gether with the semi-product, and after casting, a con-
glomerate of the final slag and metal residues is
formed, containing the maximum content of metallic
iron.

In BOF the oxygen blowing of hot metal is accom-
panied by the release of a large amount of heat, which
most often is absorbed by scrap having closest in com-
position to the semi-finished product produced from the
unit in compare with other alternative iron coolers (hard
iron, direct reduced iron, sinter or pellets, iron ore
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lumps), limestone or lime. Replacing scrap by any of
these materials has its positive and negative aspects,
affecting the chemical composition of semi-product,
slag foaming, tap temperature and refractory wear [36].

Based on our analysis of BOF shop statistics, we
found that using RSS resulted in copper, nickel, and
chromium content in steel that was 1.6-2.0 times
higher, while purchased steel scrap had content that
was 3-4 times higher compared to metalized pellets.
Thus, the composition of iron-bearing charge should
be controlled to keep satisfactory level of impurities.

RSS using as a coolant does not entail changes in
the BOF melt technology but has the same advantages
as using of main materials of BOF charge - scrap and
lime: slag part acts as a fluxing agent in helping to form
refining slag early facilitating the removal of impurities
and promoting better steel cleanliness and scrap is
scrap — nothing to say more.

Performed analysis shown that there are no obsta-
cles that are associated with technological difficulties
and environmental safety since the scrap is used in the
same unit. RSS is easily sorted into various fractions
and has quite a stable chemical composition. For high-
quality steel melting RSS can be mixed with DRI to re-
duce and keep a competitive product cost.

The RSS extracted from slags from EAF working
on 100% scrap contents more tramp elements, which
removal in the steelmaking processes is inefficient or
impossible (non-ferrous metals Cu, Sn, Ni, Cr, Vo, W
and As, Sb). This reason in an EAF the addition of own
RSS should be limited by 10-20 % (preliminary). An-
other reason is that residual slag on the surface of RSS
has low electric conductivity; thus, thick layers of
charged RSS will deteriorate arcing in the EAF.As in
the case of BOF, RCC should not be loaded on top of
another scrap charge. The usage of RSS in EAF
charge mix can accelerate slag forming that lowers en-
ergy consumption and refractory wear.

Very preliminary the RSS fraction for EAF should
be reduced to 20- 100 mm (instead of upper size 200
mm for BOF) to prevent problem with arcing because
of low conductivity of slag covered its surface. Never-
theless, it seems that the allowable amount of RSS in
the low-alloy steelmaking is limited primarily by in-
crease in total volume of slag. When the RSS origi-
nates from fresh slags of the BOF shop working with
stable composition of semi-product the amount of
phosphorus and sulphur in the slag part is not critical.
On contrary, the high basicity BOF slags contain a cer-
tain amount of lime this is one more argument to RSS
recycling in steelmaking units.

Another case is steelmaking shops producing of
high alloy and stainless steel, where the slags compo-
sition varied from heat to heat and content of alloying
elements in both RSS slag and metal parts can be suf-
ficiently different depending of the ordered grade. RSS
from such slags is even more valuable because of high
content of alloying elements, and it is important to care-
fully classify slags on several grades and process them
separately to assure stable chemical composition.
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The following RSS classification from semi-product
for low alloy steel manufacturing can be recommended
basing on experimental trials and literature data
[30,35,36] scrap of fraction 0-10 mm having a slag con-
tent of more than 10% wt. can be and usually is utilized
in the sinter charge. Meanwhile, scrap measuring 10-
120 mm and with a slag content of 5-10%wt is used in
the blast furnace charge. Scrap measuring 20-200 mm
with less than 5% slag content fit to using in steelmak-
ing units. The optimal steps for RSS classification and
use can differ from plant to plant, depending on pro-
cessing facilities and the exploited steelmaking pro-
cess but found peculiarities of RSS melting allow im-
prove charging practice of basic oxygen steelmaking
(both BOF and EAF) and resulting performances. Any
case the widening of RSS reuse in steelmaking will in-
crease iron recycling efficiency and became a small
brick in a basement of carbon-neutral and zero-waste
steel production.

Conclusion
Decarbonization is a challenge and a possibility for
steelmaking simultaneously, being a chance to check
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existing technological routes in between which EAF is
the most prospective.

Technological scenario for different steelmaking
shops can depend on iron-bearing charge conditions
and availability of hydrogen and renewable reductants
and fuels.

In our opinion, it is not rational to pursue zero-car-
bon steelmaking because carbon is the most effective
and inexpensive hardener, reducing agent, fuel and in-
tegral part of refractories, electrodes, and casting mix-
tures. Today there are no practical solutions to com-
pletely exclude carbon from composition of both steel
grades and essential metallurgical materials. Never-
theless, all possibilities where carbon can be efficiently
replaced by another reductant or electricity should be
widely implemented.

The alternative scrap involvement confirms lime
consumption decreasing with the same value of desul-
phurization as it was predicted by improvements in
slag formation and better dissolution of lime due to ac-
tion of slag part of RSS.

RSS internal recycling in both BOF and EAF can
contribute to the iron recovery ratio, lower costs of iron-

new approaches and technologies and improve bearing charge mix and is a step toward zero-waste
steelmaking.
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Shevchenko D.V., Ovcharuk A.N., Gladkih V.A., Bezugliy A.V., Nikolenko A.V.
Research of the ore reducing furnaces electrical modes
for ferronicel production

The paper presents the results of a study of the electrical modes of ferronickel furnaces OTF-1 and OTF-2 at the
Pobuzhsky ferronickel plant. It was found that the furnaces operate in arcless mode. An asymmetrical voltage mode is
observed: electrode casing - under, which indicates an unbalanced mode of the furnace. As a result of measurements, a
significant transfer of power was detected in the area of the electrical circuit of the 4th, 5th, 6th electrodes. An analysis of
the electrical mode of a 48 MVA round ferronickel furnace in the city of Hua-Hua (China) showed that the use of a furnace
transformer without a voltage booster and an autotransformer makes it possible to provide the necessary electrical mode

of ferronickel furnaces.

An analysis of the electrical mode of a 90 MVA round ferronickel furnace in Guatemala showed the possibility of operating
these furnaces in a combined mode, i.e. in the presence of an electric arc, which is controlled by the resistance of the

electrodes and the power ratio in the electric arc and slag.

Key words: ferronickel, ore thermal furnace, electric mode, mathematical modeling

six-electrode furnace

Introduction

The main quantity of ferroalloys is produced in
three-electrode and six-electrode ore reduction fur-
naces. Round three-electrode furnaces, which are
symmetrical not only in geometry, but also creates a
symmetrical load on the network, have become wide-
spread. Along with this, six-electrode furnaces with
round and rectangular electrodes are also used in in-
dustry. If a lot of research has been carried out on
round three-electrode furnaces, their optimal modes
for various alloys have been determined, then on rec-
tangular furnaces, there are few such researches and
it is still not clear how the current is distributed in the
working space of the furnace and what electrical mode
is optimal. To study this issue, we developed an elec-
trical model of a furnace, where the internal resistance
of a section of the electrical circuit was determined by
the internal resistance of ammeters. To solve this prob-
lem, the widespread computer program Electronic
Workbench 5.12 was used.

Theoretical and Experimental Researches

As six-electrode furnace is a powerful consumer of
a symmetrical three-phase network, then the circuit for
connecting consumers of each phase is equivalent to
an open triangle, and the source voltage of each phase
is distributed among the half-phases [1]. To determine
the role of the metal in the electrical circuit of the fur-
nace and the distribution of current in the bath, the first
model does not have grounding in half phases. Despite
the symmetry in voltage between the half-phases of
phases A and B, the current between them is about 7%
of the phase current (Fig. 1). As a result, the current
between half-phases increases. Thus, this model
makes it possible to estimate the current distribution in
the furnace with a sufficient degree of accuracy.

Based on theoretical assumptions, the electrical
modes of two six-electrode furnaces OTF-1 and OTF-

2 of the Pobuzhsky ferronickel plant were studied. Dur-
ing the research, it was found that the hearth of the fur-
nace bath is grounded with the workshop structures. In
the area of the measuring complex, the potential of the
metal structures differs by 2-3 volts from the potential
of the furnace hearth.

During the research process, a method for identi-
fying the third harmonic, indicating the presence of an
arc, was developed and tested. To do this, while start-
ing one of the furnaces, an arc mode was atrtificially
created, which confirmed the possibility of using this
method for six-electrode furnaces. After the furnace
was brought into operating mode, the third harmonic
was absent, which indicated that the furnace was op-
erating without an arc [2].

While analyzing the measuring complex of furnaces
OTF-1 and OTF-2, it was found that in the source cir-
cuit of each phase there are two sections of the circuit
of the so-called half-phases. The furnace control sys-
tem ensures the symmetry of each half-phase in cur-
rent, voltage and power. It is believed that the sym-
metry of these parameters ensures optimal operation
of the furnaces.

The reaches which were made of electrode-under
voltages on both furnaces do not confirm the symmetry
of the input power into the furnace (Tables 1, 2). In the
tables the voltage are indicated as next: on the sec-
ondary windings of transformers — Usa, Uss, Urc; on half-
phases — Uao, Uox, Ueo, Uoy, Uco, Uoz, 0N electrodes —
Uel, Ue2, Ue3, Ue4, Ue5, Ue6.

A characteristic feature of the values given in the
table is that the sum of the half-phase voltages (not
arithmetic, but geometric) is equal to the phase volt-
age, which indicates the influence of the current of
neighboring phases. Voltages of different magnitudes
on the electrode casing in relation to the hearth indi-
cate an unbalanced mode of the furnaces.
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Fig. 1. Equivalent electrical circuit of a six-electrode furnace in the absence of zero at the hearth of the bath
With the advent of a metal equivalent, the voltage symmetry between sources is broken, but remains the

same between half-phases (Fig. 2).
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Fig. 2. Equivalent electrical circuit of a six-electrode furnace with a zero at the hearth of the bath

Table 1. Results of voltage measurements on the electrodes OTF-1

# Uta U Urc Uao Uox Ueo on Uco Uoz Ue1 Ue2 Ues Ues Ues Ues

1 | 388 390 373 253 202 257 255 271 271 249 194 248 252 264 268

2 | 348 375 367 262 218 252 260 272 274 260 216 257 255 268 261
Table 2. Results of voltage measurements on the electrodes OTF-2

# Uta U Urc Uao Uox Uso on Uco Uoz Ue1 Ue2 Ues Ues Ues Ues

1 | 447 355 434 236 222 272 227 205 320 225 219 255 227 202 303

2 | 466 374 407 240 192 263 268 320 243 219 181 201 202 325 235

Of particular interest were measurements of the
voltage between the electrode casings of one phase,
which turned out to be much greater than the voltage
of the secondary winding of the transformer.

As shown by measurements between 3 and 4,
and especially between 5" and 6™ electrodes, the volt-
age of the secondary winding of the transformer of
phases B and C significantly exceeded, which indi-
cates the transfer of power from adjacent phases using
a magnetic field. A large voltage between the elec-
trodes of adjacent phases indicates a significant cur-
rent between the electrodes of adjacent phases. The
unbalance of the voltages measured in the electrode-
under section indicates an unbalanced power distribu-
tion (Fig. 3 —6).

The calculations showed that the power losses for
the first and second modes of OTF-1 were 751.8 kW
and 861.6 kW, respectively, taking into account losses
in the transformer - 1303.1 kW and 1412.9 kW [3].

OTF-2 is characterized by artificial current unbal-
ance, power transfer between phases B and C, as well
as losses on a short network that are greater than on
OTF-1 - in total they were 1534.7 kW and 1484.3 for
the first and second measurements, taking into ac-
count losses in the transformer - 2089.7 kW and
2039.3 kW.

The measured voltage between the electrodes and
the hearth confirms the unbalance of power introduced
across the half-phases.
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Measurements showed the presence of a current
between adjacent phases, which for a symmetrical
mode is more than 10% of the electrode current, i.e. it
is impossible to assume that in a six-electrode furnace
the phase circuits are autonomous.

After processing the measurement results of the
electrical mode, a mathematical model of a six-elec-
trode ferronickel furnace was compiled, taking into ac-
count power transfer. The resistance of sections of the
electrical circuit was represented by the internal re-
sistance of the current meters. There is no nonlinear
element in the furnace circuit - an electric arc. The
model shows complete symmetry in phases. The
transfer of energy by the magnetic field of adjacent
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phases is represented by additional sources of EMF
for phases B and C. The electrode currents of phases
B and C are higher than phase A. The current in the
upper horizons of the furnace is 50% of the electrode
current. The current between adjacent phases is 15%
of the electrode current. Noteworthy is the large volt-
age unbalance in the half-phases between the elec-
trode casing and the furnace hearth - and this means
that there is an unbalance of the power introduced into
the furnace in half-phases. The voltages between the
electrode casings, measured on an operating furnace,
are close in value to those obtained from the mathe-
matical model.
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Fig. 3. Voltage measurement scheme OTF-1
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Fig. 4. Voltage measurement scheme OTF-2
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Fig. 6 Voltage measurement scheme OTF-2

Using a mathematical model, the electrical mode was analyzed by half-phases of a six-electrode ferronickel
furnace (Fig. 7).

Based on the data obtained from the measurement results at OTF-1 and OTF-2 and the mathematical model,
proposals were made that make it possible to increase the accuracy of measurements and ensure symmetrical
operation of the furnaces.

Thus, based on numerous measurements of the electrical operating modes of six-electrode furnaces OTF-1
and OTF-2, it was established:

« furnaces operate in resistance mode and the main amount of energy is released in the upper horizons of
the furnace;

« furnaces producing ferronickel from oxidized nickel ores are characterized by arcless operation;

« significant power transfer was noted in phases B and C. This indicates an asymmetric operating mode of
the furnaces, which causes an increase in the voltage between electrodes 3-4 and 5-6, respectively;

« the potential of the OTF-2 measuring complex differs from the furnace feed potential by 2-3 V.
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Fig. 7. Mathematical model of the electrical mode of a six-electrode OTF

Round three-electrode furnaces are powered by a
three-phase alternating current network, which is pro-
vided by single-phase and three-phase furnace trans-
formers. In the second case, the short network is
asymmetrical and power transfer is observed. With sin-
gle-phase transformers, a short network can be sym-
metrical. Under these conditions, it becomes possible
to work at different stages in phases. This generates
an equalizing current in the triangle circuit. Its

magnitude is not controlled by anyone, and given the
triangle switching on the electrodes, this current, pass-
ing between the cheeks of adjacent phases, can cause
overheating of the electrode casing, disrupt the mode
of its formation and subsequently break. Therefore, it
is unacceptable to work at different stages on phases.
In such furnaces, it is easy to control their electrical
mode using the third harmonic, indicating the presence
of an arc.
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Fig. 8. Electrical diagram of a three-electrode furnace research

As already noted, three-electrode arc furnaces cre-
ate a symmetrical load on the network. To compensate
for reactive power, longitudinal or transverse compen-
sation is used. With longitudinal compensation, the in-
ductive reactance of a short network can be compen-
sated to a large extent, while the X/R condition of con-
tinuous arc burning is violated, which limits the power
input into the furnace. Therefore, a transverse com-
pensation scheme is mainly used. Furnaces operating
at low cos ¢ provide conditions for continuous arc
burning. Traditionally, furnaces were equipped with

furnace units, where, in addition to the furnace trans-
former, booster transformers and autotransformers
were used. In one of the projects of a ferronickel plant
in China, a furnace transformer without a booster
transformer was proposed. The secondary winding of
each phase consisted of 4 windings for a current of
10000 A. Switching of these windings is carried out us-
ing jumpers.

The technical characteristics of the ore-thermal
round furnace with a capacity of 48 MVA are given in
table 3.

Table3. Technical characteristics of the ore-thermal round furnace with a capacity of 48 MVA
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Parameters Unit Meaning
Furnace power MVA 48
Transformer rated power MVA 16
Number of transformers - 3
Primary voltage kV 110

Limits of secondary line voltage when connecting secondary

- . X Y 800-340
windings in series
Limits of _se(_:ondary line voltage with parallel connection of sec- Vv 400-170
ondary windings
Number of transformer stages - 24

= b= = 46004
fa=200004 £ 1, =20000 A

[TTTT

=

=
ITTTTIT

§ = VAU, /,=17380034600 = Yp=ly=Uy=8008 |
478864 kBA = 4EMPA U=th=Y=146248

P = caspS=08548 = 40 Mbm

1, =40000 A = b= J= 69200 4 =40000 A
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Fig. 9 — Short network switching: a — diagram; b — general view
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As indicated in the characteristics, the furnace has
3 single-phase transformers of 16 MVA each.

The project envisaged the use of nickel-containing
raw materials with various physical and chemical prop-
erties in the processing process. In this regard, the fur-
nace transformer must have a wide range of voltage
adjustment of the secondary winding with a high utili-
zation rate of the installed power of the transformer.

We have thoroughly worked out the theoretical ba-
sis for solving this problem. The existing method of in-
creasing the cross-section of the secondary winding at
several subsequent stages compared to the first one
does not provide a solution to the problem. In our case,
it was necessary to solve this problem by changing the
voltage of the secondary winding of the furnace by
50%. A split-phase circuit was proposed, consisting of
4 secondary windings designed for a current of 10 kA
with their subsequent switching, which ensures a min-
imum number of switching elements and a minimum
switching current. To solve this problem, a non-stand-
ard arrangement of the terminals of the secondary
windings of the transformer was proposed, which was
successfully implemented by the Chinese transformer
manufacturer (Sinosteel company) based on a patent
of Ukrainian specialists [4]. During switching process 4
secondary windings were connected in parallel, which
provided a phase current of 40 kA and an electrode
current of 69.2 kA. The circuit was assembled with 4

Table 4. Parameters of round OTF

o %% ¢ ISSN 1028-2335 Nel, 2025

jumpers in 10 kA circuits with a linear voltage of 400 V.
The second switching mode provides for pairwise se-
ries-parallel connection of secondary windings.
Switching is carried out by two jumpers in a 10 kA cur-
rent circuit (Fig. 9).

With this switching, the linear voltage of the second-
ary winding is 800 V at a rated phase current of 20 kA,
and the electrode current of 34.6 kA. Feeding substa-
tion with deep input 110 kV (Fig. 10). The 110 kV cur-
rent supply to the furnace units is carried out through
modern measuring and switching devices.

With the help of hydraulics bypass and move the
electrodes happens. During the period of operation of
the furnace, switching devices and other components
of the electrical circuit showed reliable operation and
efficient operation of the furnace at optimal electrical
parameters for conducting the process on nickel-con-
taining raw materials with various physical and chemi-
cal properties.

The ore-thermal furnace (OTF) at the ProNico plant
(Guatemala) is a round furnace designed for smelting
cinder with a nominal power of 90 MW [5]. The three-
transformer 45 MVA furnace is designed to melt 180
tons of cinder per hour at a furnace power of 90 MW,
with a specific hearth power of approximately 400
kW/m?2 and a power utilization factor of 0,85 under load.
A summary of the design parameters of the furnace
section is given in Table 4.

Operation with one tub- | Operation with two tubu-

Parameter Unite
ular rotary furnace lar rotary furnace

Furnace power MW 45 90
Melting of the cinder t/h 90 180
Cinder temperature °C 850-900
Total eIectnmty_consumptlon KW-ht 520 480

(per 1 ton of cinder)
Furance diameter (inside the casing) m 18
Furnace diameter 16.9
(inside the lining) m '
Furnace operating mode Half-arc | Arc
Hearth area m2 225
Specific power of the hearth kW/m? 200 400
Bath specific power kw/m? 200 130
Bath resistance mohm 6 12
for 1 electrode
Electrode current strength kA 45 45

Characteristics of electrodes

3 Soderberg electrodes — 2 m in diameter

Transformer rated power MBA 135

Transformer rated current kA 60

Metal release temperature °C 1525

Temperature of the liquid phase of the metal °C 1450

Slag release temperature °C 1600

Temperature of the liquid phase of the slag °C 1550

Metal production rate t/h 4,1 9,7
Metal release frequency pcs/day 2,1 5
Slag production rate t/h 64,6 158,3
Dust generation rate t/h 0,9

Exhaust gas volume nm3h 14385 | 35970
Flue gas temperature °C 750-850
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PHASE 1 PHASE 2

SUPPLY
CAPACITY

72 MIVA 153 MVA

62 MW
72 MVA
(limited)

118 MW
135 MVA

LOAD

34.5 kv

135 MVA

svC
200 MVAR TCR
157 MVAR FILTERS

ARC FURNACE
43-90 MW

Fig. 10 — Furnace power supply diagram

Controlling the electrical mode of the furnace is in
changing the following parameters [6]:

» current on the electrodes (le) — depends on the
voltage on the electrodes. As the resistance increases,
the current decreases and vice versa,;

» voltage on the electrodes (Ue)) — depends on the
supply voltage on the high side (5.52 kV, 11 kV, 17.25

2 x 20 MVA

PROCESS PLANT
MOTIVE LOAD
10-20 MW

REFINING FURNACE
8 Mw

kV, 34.5 kV), the connection diagram of the furnace
transformer windings (Y or A), and the position of the
voltage step switch (1-35).

The current and voltage on the electrodes deter-
mine the power by phase and the total power of the
furnace (Fig. 11).

V.o — Vire
EL ﬁ
J. = VF_L _ VTRF
EL — -
Ry, \5 xRy,

PEjL = VEL X IEL
3 ELECTRODES ARE CONDUCTING

Ppve =3x Py

Fig. 11 — Schematic diagram of the connection of furnace transformers and electrodes
The choice of electrical mode under different conditions is shown at Fig. 12-15.
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Furnace PVIDiagram - 5.52 kV Operation from Diesels
Pronico - Round Furnace - 3 electrode
3x45 MVA furnace transformers, X,,.=2.0 mQ
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Fig. 12 — 5.52 kV Operation on diesel generation
Furnace PVIDiagram - 17.25 kV Operation
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Fig. 13 — 17,25 kV Operation on one turbogenerator
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Furnace PVI Diagram - 34.5 kV Full Power Operation
Pronico - Round Furnace - 3 electrode

3x45 MVA furnace transformers, X,,.=1.4 mQ
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Fig. 14 — 34,5 kV Operation on two turbogenerators
Electrodes in the slag Electrodes over the slag Shielded arc
Rel =7 mOhm Rel = 7-8§ mOhm Rel = 8 mOhm
Parc=10 Parc <Pb Parc > Pb

Fig. 15 — Area of active melting zone depending on Rel, Parc and Py

The resistance at the electrodes (Re) determines
the position of the working end of the electrode in rela-
tion to the slag surface (Figure 16) and the ratio of the
power (or heat) generated in the arc to the power re-
leased in the slag bath due to the resistance of the
slag.

The resistance or electrical conductivity of the slag
depends on its composition (k — electrical conductivity,
1/Ohm-cm):

In(k) =-4,45+9,152'Fe0+5,34:(CaO+MgO) at 1500
°C.

As can be seen from the equation, MgO and espe-
cially FeO increases electrical conductivity or reduces
resistance. It is also known that SiO2 and Al2O3 in-
crease the resistance of the slag.

The total power released in the furnace consists of
the power released in the arc (Parc) and the power re-
leased in the slag bath (Pb). The ratio Parc / Pp is an
important technological parameter. Insufficient power

57



JITeopis i NPaKmMuKg Memarypeii

wi %% ¢ ISSN 1028-2335 Nel, 2025

of the slag bath Py will lead to low slag temperature, The resistance value on the electrodes (Re) is de-
more viscous slag and difficulties with its release. Too  termined by the furnace operator depending on the tar-
high a power of the slag bath will increase the thermal  get ratio Pac/ Pb. As the resistance value increases,
load on the lining of the furnace walls, due to the in- the penetration of the electrodes into the slag de-
creased temperature of the slag (increased overheat-  creases (or the distance from the end of the electrode
ing), and will lead to more intense mixing of the slagin  to the surface of the slag increases), and the area of
the furnace (wear of the lining and high heat losses). the active melting zone of the slag bath changes.

Position of the working end of the electrode over the slag depending on Ra

y = -45,74In(x) + 94.019
R2=0,9141

R: . mOhm
01 2 3 4 5 6 7 89 10111213 141516 17 18 19 20 21 22 23 24

Surface of the slag pit

Average chemical composition of slag. %
Ni-0,18; Fe-15; Mg - 31;

Si02 - 44; Ca0O - 0.2;

Al203 -2.6; Si02/MgO - 1,39

Position of the end of electrode, mm

20
30
Fig. 16 — Position of the working end of the electrode depending on Re

Table 5. Operating modes and electrical parameters of the OTF

Operating mode Power, MW Rel , MOhm Average Parc / Py
Idling <7 3-10 0

Warming up 7-20 7-14 14

Normal operation 20-30 10-16 1,7

Normal operation 30-40 12-18 2,0

Normal operation 40-50 15-20 2,3

Normal operation 50-60 18-22 2,7

Normal operation >60 >18 >2,9

Table 6. Electric mode of the furnace in 24 hours

Parameter One-time parameter Eglrja:rsneter range for 24
P [MW] 84 79-87,0
P [MW] one phase 28 16,6-49,9
Cos @ 0,91 0,58-0,95
| [kA] 43,7 16,6-54,5
UlV] 664,3 450-1204
Stage 13 12-15
Electrode bypass [mm] 575,5 126-835
Active resistance R [mOhM] 15,7 9,2-87,3
Conclusions characterized by a significant difference in the distribu-

Electrical parameters of ore reduction furnaces with  tion of electric current in the bath of smelting units - in
a capacity of 46-90 MW with a rectangular (six-elec- rectangular furnaces there is a power imbalance in the
trode) and round (three-electrode) bath are half-phases, and in round furnaces - on the electrodes
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when operating at different phase voltages. The au- electrical parameters of ore reduction furnaces and de-
thors of the current paper are working to improve the  velop new sources of their energy supply.
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Zaselskyi V., Popolov D.
Laboratory studies on the effect of vibro-impact action
of the screening surface on the main technological indicators
of metallurgical raw material screening

The article presents the results of a study on the effect of vibro-impact action of the screening surface on the main tech-
nological indicators of metallurgical raw material screening. The screening process is one of the key technological oper-
ations in the preparatory processes of metallurgical production, as it directly influences the quality of raw material frac-
tionation and process productivity. The issue of screen aperture clogging significantly limits the efficiency of screening,
leading to a decrease in the quality of prepared charge and an increase in energy costs.

The purpose of the study is to investigate the effect of vibro-impact action of the screening surface on aperture clogging
and the productivity indicators of metallurgical raw material screening. To achieve this goal, a laboratory model of a vibra-
tory screener was developed, allowing for the simulation of various vibration modes of the box and studying their impact
on the raw material screening process.

The research methodology included a series of experiments with varying amplitude and angular frequency of box oscilla-
tions, analysis of the results using mathematical statistics methods, and the construction of mathematical models of the
dependence of transportation productivity and clogging coefficient on vibration parameters. Experiments were conducted
for two types of screening surfaces — fixed and freely laid, which allowed for assessing the impact of vibro-impact loads
on screen aperture self-cleaning.

The results showed that maximum transportation productivity is achieved at a forced oscillation amplitude of 2-10 m and
an acceleration of 28...32 m/s% At the same time, the clogging coefficient significantly decreases at an amplitude of
1.8...2.2:10° m and an oscillation frequency of 94.2...102 s*. The constructed mathematical models allow predicting
changes in the technological parameters of the process depending on the dynamic characteristics of the box and assist
in selecting optimal operating modes for vibratory screeners.

The scientific novelty of the work lies in determining the effect of vibro-impact action on the efficiency of metallurgical raw
material screening and forming new approaches to reducing screen surface clogging. The practical significance of the
study is due to the possibility of using the obtained results to modernize existing screeners and develop new designs with
improved technological characteristics, which will contribute to enhancing the efficiency of preparatory processes in met-
allurgical production.

Keywords: screening, vibro-impact action, screening surface, productivity, clogging, metallurgical raw materials, mathe-

Nel, 2025

matical modeling.

Introduction

Screening is one of the most important technologi-
cal operations in the preparatory processes of metal-
lurgical production, as it significantly affects the pro-
duction cost during the sintering or smelting of raw ma-
terials. Currently, various types of inertial screeners
are widely used for the fractionation of metallurgical
raw materials, differing in size as well as dynamic and
kinematic parameters. These parameters determine
the key technological indicators of the screening pro-
cess, such as productivity, efficiency in removing un-
suitable product fractions, and the degree of clogging
of the screening surface with difficult-to-screen parti-
cles.

The productivity of screening is determined by the
requirements of the technological line in metallurgical
production, whereas the efficiency and clogging of the
screening surface depend not only on productivity but
also on the optimal choice of dynamic and kinematic
parameters. However, the efficiency of screening un-
der current conditions remains insufficient, requiring
improvement. The main problem is the clogging of the
screening surface, which limits the possibility of in-
creasing the efficiency of the process in existing inertial
screeners. This is due to the fact that the acceleration
of their working elements is limited to the range of

(1.5...3)-g, which is insufficient for modern fractiona-
tion requirements of metallurgical raw materials.

Thus, finding ways to intensify the screening pro-
cess to reduce screening surface clogging and in-
crease fractionation efficiency without losing the nec-
essary productivity is a relevant task. Research in this
area is of great importance for optimizing the prepara-
tory processes of metallurgical production.

Literature Review and Problem Statement

The most commonly used screeners in the mining
and metallurgical industry for removing fines are cen-
ter-of-mass machines with unbalanced vibration excit-
ers operating in the sub-resonant region. These ma-
chines are characterized by simple construction, good
vibration isolation, and fairly stable operating modes.
However, the intensity of the working element’s impact
on the material in such screeners is low and distributed
randomly across stages. Additionally, the kinematic
parameters of the working element are chosen inde-
pendently of the properties of the screened material.
Studies [1-6] provide the main structural and dynamic
parameters, as well as technological indicators, of the
mMOost common screeners.

According to these studies, oscillation frequency
ranges from 73 to 96 s; oscillation amplitude from 3
to 6 mm; vibration angle from 30° to 50°; sieve

© Zaselsky Volodymyr Yosypovych, Professor, Doctor of Technical Sciences, Educational and Scientific Technological Insti-
tute, State University of Economics and Technology, orcid.org/0000-0002-7517-5433,
Popolov Dmytro Volodymyrovych, Associate Professor, Candidate of Technical Sciences, Educational and Scientific Tech-
nological Institute, State University of Economics and Technology, orcid.org/0000-0003-0347-8627,
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inclination angle from 0° to 18°; specific productivity
from 40 to 60 t/h-m?; specific metal consumption from
400 to 3600 kg/m?; and specific power from 2 to 7.2
kW/m?2.
The analysis of screen surface clogging depending
on oscillation accelerations is well-detailed in [7],
where it was found that the clogging degree ranges
from 58 to 70% at accelerations of 26...32 m/s?. Thus,
the screening efficiency remains very low — between
28 and 50 %, which does not meet modern
70
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requirements and fails to adequately prepare charge
materials for sintering and smelting. According to the
research in [8], significant improvements in blast fur-
nace performance can be achieved if screening effi-
ciency reaches at least 70...75 %.

This level of efficiency can be achieved by reducing
the clogging of screen apertures if sufficient accelera-
tion is applied to the screening surface. According to
[9], the required accelerations for sinter fractions of 5
mm should reach 54 m/s?, as shown in Fig. 1.

3 4 5

Screening class, mm

Figure 1 — Dependence of the acceleration values ensuring the non-clogging
of the screening surface openings on the class of agglomerate screening
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20 7 380

24

122

1 - hopper; 2 - slide gate valve; 3 - partition; 4 - carriage; 5 - spring supports;
6 - foundation; 7 - frame; 8 - box; 9 - fixed support angle bracket; 10 - movable support angle bracket; 11 -
screening surface; 12 - dividing knife; 13, 14 - receiving hopper; 15 - sub-vibrator plate; 16 - motor vibrator; 17 -

frequency

converter;

18 - rod; 19 - phase sensor; 20 - oscilloscope; 21 - acceleration sensor; 22 - laptop;

23 - electronic scales; 24 - stopwatch

Figure 2 — Structural diagram of the laboratory stand
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However, the implementation of such accelerations
is possible at a vibration machine operating mode co-
efficient of (5.5...6.2)-g, which significantly exceeds
the recommended value of (1.5...3)-g when designing
vibration machines [10]. Such high dynamic modes
lead to a significant reduction in the reliability of the
main working elements and result in an increase in the
metal and energy intensity of the overall process of
screening metallurgical raw materials.

Therefore, conducting research aimed at identifying
ways to intensify the screening process of metallurgical
raw materials before sintering and melting through the
application of vibrational-impact loading is fully justified
and represents an important scientific task.

Research Objective and Tasks

The objective and tasks of the research involve
studying the impact of vibrational-impact action of the
screening surface of the screen on its clogging and the
performance indicators of screening metallurgical raw
materials.

Materials and Research Methods

To study the impact of vibrational-impact action on
the technological indicators of the screen, a laboratory
model was developed, as shown in Fig. 2.

As optimization parameters that most fully reflect
the technological efficiency of the vibrating screen,
transport capacity and screen surface clogging were
selected.

The factors considered were parameters that fully
characterize the state of the dynamic system—angular
frequency of forced box oscillations (w = 94.2 s7;
w = 125.6 s1; w = 157 s1) and their amplitude (A =
0.001 m; A =0.002 m; A =0.003 m).

The inclination angle of the screen surface to the
horizontal plane and the vibration angle to the normal
drawn to the supporting surface of the underscreen
frame in the longitudinal plane remained constant
across the entire range of factor values and were equal
to a=10° and B = 45°, respectively.

The studies were conducted with directed box os-
cillations using both fixed and freely placed screen sur-
faces.

For the experiments, methods of mathematical pro-
cessing of the results were applied in accordance with
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the requirements of the theory of mathematical statis-
tics. [11]

Transport capacity was determined using a solid
bottom surface (see item 11 in Fig. 2) without the divid-
ing knife (item 12) by measuring the time required t;;;
to fill the receiving hopper (item 13) with a transported
material mass m,,,;, according to the formula:

Minat

=——=xkg/s.

Qrp fr 8/ )

The experiments were conducted with a constant
material layer height
Hin = 60 mm, varying the angular frequency of forced
box oscillations and their amplitude. For each combi-
nation of factors, the tests were repeated three times.
Limestone with a fraction size of 1.6...3 mm was used
as the test material.

The clogging of the screen surface was evaluated
using the clogging coefficient, determined by the for-
mula

Scl
Koo = — 100 %, 2)
So.a

where S, is the area of clogged openings on the
screen surface (m?), and S, , is the open area of the
screen surface (m?).

The clogging patterns of the screen surface were
assessed by photographing it after each experiment
for every pair of dynamic parameters. The box exe-
cuted directed harmonic stable oscillations with both
fixed and freely placed screens.

Screen clogging tests used agglomerate fines with
a granulometric composition selected to maximize ap-
erture clogging. For a screen surface with circular ap-
ertures of 5 mm diameter, a fraction size of 5...6 mm
was applied. The experiments were conducted under
constant specific loading for the feed input, maintaining
a constant layer height of 60 mm.

Research Results

Fig. 3 presents the dependencies of transport
productivity on the amplitude and angular velocity of
box oscillations with both fixed and freely laid sieve sur-
faces.
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Figure 3 — Dependence of transport productivity on the amplitude (a) and
angular frequency (b) of box oscillations
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The figure shows that, within the studied range, the
transport productivity function exhibits a stable de-
pendence on the amplitude of the box oscillations and
the angular frequency, with the functional relationship
having an extreme nature. Considering that under
identical dynamic parameters of the box, the transport
productivity of the screener with a fixed sieve surface
exceeds that of the vibratory-impact machine with a
non-rigid connection between the box and the sieve,
this confirms the necessity of ensuring the required
transport speed of the sieved material by increasing
the inclination angle of the sieve surface, due to the
specifics of its galloping mode.

The distinct nature of the functional dependencies
of the transport productivity for the screener with fixed
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and freely laid sieve surfaces indicates the impossibil-
ity of adapting existing theoretical models for transport
productivity assessment through the determination of
corrective coefficients. Therefore, to study the influ-
ence of the selected factors on the transport productiv-
ity of the vibratory-impact machine with a non-rigid
connection between the box and the sieve, a full facto-
rial experiment was conducted, implementing an or-
thogonal second-order plan matrix.

The mathematical description of the dependence of
transport productivity on the selected factors was per-
formed using a quadratic regression equation, which
was verified for adequacy using Fisher’s criterion and
presented as follows

Q. = 0,0154 + 78 - A + 0,0015 - w + 0,5732 - A - w —
—34000- A2 — 9,94 -107¢ - w? kg/s, ®)

where A — amplitude of forced box oscillations, m; w
- angular frequency of oscillations,
st

The obtained regression equation (3) represents a
mathematical model that demonstrates the influence of
the box’s dynamic parameters — amplitude (ranging
from 0.001 to 0.003 m) and angular frequency (ranging
from 94.2 to 157 s ') on the transport productivity of the

vibratory-impact machine with a non-rigid connection
between the box and the sieve, at a 20 % significance
level.

The derived mathematical model (3) was subjected
to graphical analysis, which allowed determining the
extent of each factor’s influence on the optimization pa-
rameter (Fig. 4).
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Figure 4 — Dependence of transport productivity on the amplitude and angular

frequency of box oscillations

The obtained surface graph shows that the maxi-
mum transport productivity of the vibratory-impact ma-
chine with a non-rigid connection between the sieve
and the box, which performs directed, harmoniously
stable oscillations, is achieved under oscillation condi-
tions with acceleration of 28...32 m/s? at an amplitude
of 0.002 m.

Fig. 5 illustrates the dependence of the clogging co-
efficient on the amplitude and angular frequency of the
box oscillations and includes a photo of the sieve sur-
face from one of the experimental studies of its clog-
ging.

The obtained graphs show that the clogging coeffi-
cient of the freely placed sieve surface, unlike the fixed
one, is on average 10 times lower under identical

dynamic parameters of the box. This indicates a more
efficient selfcleaning process of the sieve surface ap-
ertures in vibratory-impact machines with a non-rigid
connection between the sieve and the box.

The amplitude of box oscillations has the greatest
impact on the self-cleaning process, characterized by
a decreasing nonlinear dependence with asymptotic
convergence. As the amplitude increases to 0.002 m
and the box acceleration reaches 32 m/s?, the clogging
coefficient decreases, reaching its minimum of
0.035%. Further increases in amplitude have little ef-
fect on it, indicating stabilization of the process and the
establishment of a constant level of sieve surface clog-

ging.
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Figure 5 — Dependence of the clogging coefficient on the amplitude (a) and angular frequency (b) of box

oscillations; ¢ — sieve surface

To study the interaction between the amplitude of
the forced oscillations of the vibratory-impact ma-
chine’s box with a non-rigid connection and their angu-
lar frequency on the clogging coefficient of the sieve
surface, a full factorial experiment was conducted us-
ing an orthogonal second-order design matrix.

K., = 0,003 —1610-A+ 0,035 w + 1,115+ A - w + 340000 - A2 — 0,0002 - w? %.

The obtained equation is also a mathematical
model demonstrating the influence of the box’s dy-
namic parameters — amplitude (ranging from 0.001 to
0.003 m) and angular frequency (ranging from 94.2 to
157 s1) on the clogging coefficient of the sieve surface
in vibratory-impact machines with a non-rigid connec-
tion between the box and the sieve, with a significance
level of 20 %.

The resulting mathematical model underwent
graphical analysis (Fig. 6), which allowed for determin-
ing the degree of influence of each factor on the opti-
mization parameter.

From the obtained graph, it can be seen that the
intensification of the cleaning process of the sowing

The mathematical description of the dependence of
the sieve surface clogging coefficient on the selected
factors was performed, as in the case of the screening
productivity analysis, using a quadratic regression
equation that was verified for adequacy using Fisher’s
criterion

4)

surface in the vibration-impact machine with an uncon-
trollable connection between the sieve and the box oc-
curs when both the amplitude of the box oscillations
and its frequency are increased. From the perspective
of energy efficiency and effectiveness of the cleaning
process, the most acceptable value of the clogging co-
efficient is 0.2 %, which is achieved with the following
dynamic parameters of the box: an oscillation ampli-
tude of 0.0018...0.0022 m at a frequency of 94.2...102
s, corresponding to accelerations from 16 to 23 m/s?,
and 0.0022 m at a frequency of 125.6 s, which is
equivalent to an acceleration of 35 m/s2.

157 L
wl 0
b 04 3
Ll - 03
= 141,3 4 0l /
] 02
1]
c \)2
41256 o 04
T 05 0.
- 4 03 03
=
2 109,94
< 7
/-"_‘—-\ 1]
gy 4OEns 02 ns . 02 03
0,001 0,0015 0,002 0,0025 0,003
Amplitude, m

Figure 6 — Dependence of the clogging coefficient of the sowing surface on the amplitude and angular fre-

guency of the box oscillations
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Conclusions

As a result of the conducted studies on the devel-
oped laboratory model of the screen with a fixed and
freely laid sowing surface, which generates vibration-
impact action, its influence on productivity and the pro-
cess of clogging sieve holes during the sieving of met-
allurgical raw materials was studied.

Based on the research, a mathematical model was
obtained that links transport productivity and the clog-
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impact machine with an uncontrollable connection be-
tween the sieve and its box at a 20% significance level.
It was found that the maximum transport productivity is
achieved at an oscillation mode with accelerations of
28...32 m/s? at an amplitude of 2:10-* m, and the most
acceptable value of the clogging coefficient at this
productivity is 0.2%, which is achieved with an oscilla-
tion amplitude in the range of (1.8...2.2)-10® m at a
frequency of oscillations of 94.2...102 s™1,

ging coefficient of the sowing surface of the vibration-
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Projdak Y.S., Gorobets A.P., Zhadanos 0.V., Kamkina L.V., Yaroshenko Y.0.
Physical and chemical audits and comparative analyses
of scrap remelting technology indicators for high-alloyed steel with
special purposes using the duplex-slag process and the resource-saving

mono-slag process

The goal. The research purpose is a physicochemical audit and comparative analysis of the indicators of the technologies
for remelting scrap of high-alloy special-purpose steels using a two-slag process and a resource-efficient single-slag pro-
cess to create an innovative technology for the electric steelmaking process.

Methodology. The research used miscellaneous methods and modern equipment for studying the physical chemistry of
metallurgical processes, including optical metallography methods on the “Neophot-24” installation, to assess the micro-
structure of the metal and the mineralogical composition of the slags. Experimental and industrial smelting was carried
out to determine the balance of alloying elements by certified chemical and spectral analysis of the metal and slag.
Results and scientific novelty. To ensure the rational composition of the slag of reduced basicity during melting, a
mixture with the following composition was synthesized from oxides classified as "chemically pure": 50% CaO-35%SiO,-
5%AI1,05-5%MgO-5%FeO. This allows for the reduction of the loss of alloying elements and increases the efficiency of
remelting.

According to the results of the analysis conducted by the requirements of DSTU 8966:2019 regarding the contamination
of the metal with non-metallic inclusions and their crystalline and chemical composition, it was found that the vast majority
of inclusions are represented by silicates with a size of 7-10 um. These indicators depend on the size and conditions of
crystallization of the ingot. Changes in the content of alloying elements due to the remelting process were analyzed. It
was confirmed that the losses of expensive alloying elements (Cr, Mo, W, V) depend not only on their chemical affinity for
oxygen but also on the formation of compounds of the type CaO*MeO in the slag, where MeO oxide has an acidic nature
of interaction.

New knowledge has been obtained regarding the physical properties and phase composition of lime-iron slag of the CrO-
FeO-SiO2-(Me)O system where Me-Mn, Cr, V, Mo. The obtained scientific results significantly complement the research
of domestic and foreign scientists due to the novelty of the approach and practical orientation to the needs of specific
industries.

Practical value. The developed technological solutions for predicting the optimal composition of the metal dump for metal
scraps of alloyed special-purpose steels will increase the technical and economic performance of steelmaking in electric
furnaces and promote the reuse of valuable materials. This is important in the context of the constant increase in the cost
of raw materials and efforts aimed at reducing the impact on the environment, as well as on the sustainable development
of Ukraine (solving environmental problems, reducing greenhouse gas emissions, reducing the consumption of ferroal-
loys, etc.).

Keywords. High-alloy steel, Scrap, Single-slag process, Remelting, Model slags of the CaO-FeO-SiO,-MeO system.

*The publication is prepared based on the results of the project 2023.04/0037, "Development of a technology for remelting
scrap military equipment in order to preserve valuable alloying elements in the smelting of special functional steels,"

funded by the National Research Foundation of Ukraine from the state budget.

Introduction. The global trend in the development
of steelmaking metallurgy focuses on steel production
in basic oxygen converters and electric arc furnaces.
From a metal recycling perspective, the electric
steelmaking process has a clear advantage, as it is de-
signed for remelting 100% scrap, whereas, in basic ox-
ygen furnace (BOF) production, this figure is only 30%.
An important techno-economic indicator for both
steelmaking processes is the increase in unit produc-
tivity, so oxygen is used to introduce thermal energy
through the oxidation of elements [1].

The strategy of electric steelmaking in Ukraine's
ferrous metallurgy enterprises and machine-building
foundry complexes is based on the remelting of com-
mon and alloyed steel scraps using a wide range of
ferroalloys [2]. In both the classical two-slag refining
process and modern melting technologies with alterna-
tive energy sources, oxygen is essential for oxidation
and refining operations. However, this leads to the al-
most complete oxidation of highly reactive elements in

the charge, such as silicon, vanadium, chromium, and
molybdenum. During the melting of the metal charge
in an electric arc furnace, significant losses occur of sil-
icon (95%), vanadium (100%), manganese (50%), and
chromium (50%). The ferroalloys containing these ele-
ments belong to the category of import-dependent
metallurgical products with extremely high costs: Fer-
rovanadium: $9.1-9.7 per kg, Ferrochrome: $0.9-1.2
per kg, Ferromolybdenum: $6.9—7.1 per kg [3].

The presented data highlights the necessity for de-
veloping technological solutions for the remelting of
special-purpose steels alloyed with high-cost ele-
ments. The solution to this issue will significantly re-
duce the consumption of imported ferroalloys and im-
prove both the technical and economic efficiency of al-
loy steel electric melting. At the same time, it will ena-
ble the maximum possible reduction of material and
energy costs in metal production, ultimately lowering
production costs and increasing profitability.

Projdak Y.S., Vice-Rector for Scientific Work, Doctor of Technical Sciences, Professor; Gorobets A.P., candidate of technical
sciences, associate, Zhadanos O.V., candidate of technical sciences, associate, Kamkina L.V., Doctor of Technical Sciences,

Professor, Yaroshenko Y.O. postgraduate student
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Literature Analysis and Problem Statement.
Taking into account that a significant amount of high-
and medium-alloy steel scrap is generated worldwide
each year (exceeding 10 million tons, according to [4]),
finding efficient solutions for its rational utilization is of
great scientific interest on a global scale. Among the
studies of the secondary utilization of high-alloy scrap,
the next notable scientific works should be highlighted.
In [4], a scheme for induction melting and electrical
slag remelting is proposed for scrap processing. Based
on this scheme, a pilot experiment and thermodynamic
analysis were conducted to investigate the influence of
temperature, oxygen content, and element composi-
tion on the recovery percentage of alloying elements.
In [5], attention is given to metal scrap processing,
which is contaminated with oils emitting volatile organic
compounds (VOCs) of the benzene series during heat-
ing and poses risks to both physical and mental health.
The study characterizes VOC emissions and exam-
ines the pyrolysis behavior and de-oiling process of
contaminated scrap to assess environmental risks. A
method for separating the melting process is proposed
to enable the economical and environmentally friendly
recovery of valuable metals from de-oiled waste. Addi-
tionally, the thermodynamics of the Al,03-SiO, and
Ca0-Al,05-SiO, systems were calculated to optimize
slag formation. Study [6] evaluated the environmental
and economic benefits of alternative recycling
schemes for end-of-life vehicles. These schemes aim
to optimize the utilization of alloying elements found in
steel scrap recovered from decommissioned vehicles,
enabling more efficient resource use. Article [7] de-
scribes a new process for simultaneous preheating
and removal of galvanized coatings from scrap sur-
faces before the melting phase to prevent the for-
mation of harmful dust and hazardous air emissions.
The zinc coating is removed in the gas phase through
the combustion of chloride-containing syngas and is
collected in a specialized recovery system. Two possi-
ble innovative process pathways are outlined, incorpo-
rating pre-treatment of plastic waste, gasification/pyrol-
ysis of shredded plastic, preheating of steel scrap, and
zinc recovery processes. In [8], the authors con-
structed molecular dynamics models for binary sys-
tems CaO-FeO, MgO-SiO,, FeO-SiO,, Ca0O-SiO,,
and the ternary system CaO-FeO-SiO, at a tempera-
ture of 1873 K using Born—Mayer potential functions.
These potentials included effective dipole-dipole inter-
actions for pairs such as Ca—Fe, Mg-Si, Fe-Si, and
Ca—Si. The parameters for the dipole-dipole interaction
were determined by adjusting the calculated Gibbs
free energies of formation for the binary systems CaO—
FeO, FeO-SiO,, MgO-SiO,, and CaO-SiO, to match
experimental data. The thermodynamic properties of
CaO-FeO-SiO, solutions were studied by converting
several iron ions to calcium ions. This approach al-
lowed the calculation of the changes in Gibbs free en-
ergy and the ratio of activity coefficients yCaO/yFeO in
the ternary system. The significant scientific interest in
modeling the chemical composition of slag during the
remelting of high-alloy steel scrap is presented in the
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study [9], which focuses on predicting the chemical
composition of refining slag using an artificial neural
network.

Thus, a physicochemical audit and comparative
analysis of the indicators of the remelting technologies
for high-alloy special-purpose steels - using both the
two-slag process and the resource-efficient one-slag
process - will provide relevant recommendations and
complement existing research.

Purpose and Objectives of the Research. The
research purpose is to conduct a physicochemical au-
dit and comparative analysis of the indicators of high-
alloy special-purpose steel scrap remelting technolo-
gies using the two-slag process and the resource-effi-
cient one-slag process to develop an innovative tech-
nology for the electric steelmaking process.

Research Description. In the classical technology
of remelting high-alloy steel scrap in electric arc fur-
naces, a metal semi-product with a controlled phos-
phorus content is initially melted under a heavily oxi-
dized slag. Once the oxidation process is complete this
slag is removed, and a new slag is created, followed
by desulfurization, deoxidation, and alloying with fer-
roalloys.

To form slags with a specified composition, before
loading the furnace, 10-15 kg/t of lime or 18—-23 kg/t of
limestone is added. The slags formed during melting
(B = 1.5-1.7) are deoxidized and removed. The slag
from the melting period is deoxidized using mixtures
that consist of 30-40% fresh burnt lime, 5-15% fluor-
spar, 10-25% electrode scrap, and 15-25% ferrosili-
con. After removing the melting-period slag, a new slag
is created by adding 20—-40 kg/t of lime, 3—10 kg/t of
fluorspar, and 2.5-3 kg/t of ferrosilicon to the metal
bath. Once the low-viscosity slag is fully formed, the
metal is heated to 1500-1540°C and alloyed with fer-
romanganese. In situations where the carbon content
in the metal is between 1.15-1.20%, medium-carbon
or low-carbon ferromanganese is used for alloying.

Before tapping the steel from the furnace, the slags
from the reduction period are deoxidized with granular
aluminum or a deoxidizing mixture. The final deoxida-
tion of the steel is carried out with aluminum in the la-
dle.

An analysis of changes in the chemical composition
of the metal and slag during the melting process shows
that the main losses of alloying elements occur during
the melting of the charge. Almost 90% of the lost alloy-
ing elements transfer into the slag, while 10% transition
into the gas phase. The practice of double slag re-
moval, applied at several plants, leads to the loss of a
significant portion of alloying elements with the waste
slags.

The main idea of the simultaneous process is to use
oxidizing slag for phosphorus removal (dephospho-
rization) and subsequently restore it for desulfurization
and other physicochemical operations.

Depending on the degree of oxidation, sulfur in
slags can exist in either sulfide (1) or sulfate (2) forms
[10]:

1/2S2g + Os? = 1/202¢ + Ss* Q)
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1/2

As2—*Pg
Ky =———=% 2
aoZ—*pSZ
1 3 2— — 2—
Zszg + Zozg + Osl SO 4sl (3)
Agp2-
K, = 14/2 3/2 (4)

*02-*Ps, *Po,

For a given temperature and slag composition, the
equilibrium sulfur concentration is determined solely by
the ratio (po,/ps,)*/?, rather than the absolute values
of the partial pressures of oxygen and sulfur. At the
same time, the partial pressure of oxygen ordains the
form in which sulfur is present in the slag melt:

atpo, < 1075 atm., sulfur exists in the slag as sul-
fide ions (MeS);

npu po, < 107% atm., sulfur is present as sulfate
ions (MeSOa).

0 01 02

1650°C [12]

03 04 05
Ca0 Mole fraction xmzo‘—""'

Figure 1. — The sulfide capacity Cs -108 of slags in the ternary CaO-Al,O;-SiO, system at the temperature
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The parameter "sulfide capacity" - Cs is used to

evaluate the properties of desulfurizing slag systems:
Ky + 22 = o = (5) = (222): (5)
Yo Ps,

The characteristics of the sulfide capacity of slags
in the ternary Ca0O-Al,03-SiO, system [11], as shown
in Figure 1, indicate that the maximum value of the Cs
parameter is found in the CaO-Al,O; composition,
making it the most suitable slag base for desulfuriza-
tion. At the same time, according to data presented in
E.T. Turkdogan's monograph [10], in the CaO-SiO,
slag system, the solubility of CaS at temperatures of
1500-1550°C increases from 2,5% to 5% as the ba-
sicity ratio CaO/SiO, decreases from 1,5 to 0,5.

0

7 i’ /
06 07 08 08 10
AlOy

|~
-
i
-
I~

Figure 1. — The activities of CO (solid lines), CaF, (dashed lines), and Al,O3 (dash-dotted lines), determined

at 1500°C in various systems, are as follows:
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| — CaF2-CaO; Il — CaF2-Al20s; 1l = CaO-Al203 [12]

Clearly, for optimizing slag composition, the basic-
ity factor of the slag is essential, as is the activity of its
components. In CaO-CaF, systems, which act as the
fundamental slag-forming system in domestic elec-
trosmelting practices, as well as in slags within the
CaF,-Al,O3; system, the calculated activity values of
the system’'s components (Fig. 2) are of practical sig-
nificance.

Calcium fluoride accelerates the dissolution of lime
and increases the fluidity of slags by reducing their vis-
cosity. This enhancement subsequently improves the
rate of steel desulfurization. Thus, the effect of CaF, is
reflected in the kinetics of the desulfurization process.

JIleopis i NPaKMUKg Memarypeii

Some retrospective studies have shown that the pres-
ence of CaF, in basic slags can significantly increase
their basicity, thereby improving steel desulfurization
accordingly.

The authors of studies [13, 14] were likely the first
in domestic literature to substantiate that the steel
desulfurization coefficient ¥(CaO + MgO) does not in-
crease but rather decreases when using oxide-fluoride
slags with increased CaF, content. This conclusion
follows from the data presented below:

CaF: content, %

The value of the steel desulfurization coefficient

(4~ )

>(CaO + MgO) < 65 %

>(CaO + MgO) > 65 %

<4,0 96 (17 melts)

67 (19 melts)

>4,0 81 (6 melts)

53,3 (8 melts)

With the same slag fluidity, characterized by the
sum of components ¥(CaO + MgO), an increase in
CaF, content in the slag above 4% reduces the sulfur
distribution coefficient by 15%. M.M. Chuyko and V.B.
Rutkovskyi [13, 14] explained the decrease in the
desulfurizing ability of furnace oxide-fluoride slags by
the increased activity of ferrous oxide, as follows from
the expression:

Ls = (S)/[S] = Ksacaoya(reo), (6)

where Ks - is the equilibrium constant of the metal
desulfurization reaction;

a(cao) - is the activity of the "free" concentration of
calcium oxide, determined by the method of M.M.
Chuyko.

The integral assessment of the metal's desulfuriza-
tion reaction efficiency by slag systems is determined
by achieving a balance between the metal and the
slag, the oxygen activity in the metal, and the compo-
sition of the slag and metal, taking into account the rel-
ative weight of the slag.

0] (5)sl.+[S]S,€la”'

[S1rin. = —ES*CS‘*% ) @)

where S star, fin. — the sulfur content in the metal be-
fore and after desulfurization;

a0 — OXygen activity in the metal;

fs —the sulfur activity coefficient;

Cs —the sulfide capacity of the slag;

m — the relative weight of the slag (kg) per kg of
steel.

Equation (7) defines the relationship between the
activities of oxygen and sulfur and characterizes the
desulfurization process as a mass transfer reaction in
the "metal-slag" system.

5 laboratory melts were conducted to verify the fea-
sibility of implementing a resource-efficient single-slag
technology for remelting high-alloy steel scrap. The
chemical composition of the initial metal samples is
provided in Table 1.

Table 1. - Chemical composition of the metal before remelting, wt.%

Ne Application C Si Mn Cr Ni Mo \% P S
sample ppm | ppm
1 Demining roller | 0,245 | 0,272 | 0,82 | 2,04 | 1,05 0,309 | 0,006 | 160 | 90
2 Stainless steel | 0,152 | 0,56 | 1,30 | 18,61 | 9,99 | 0,10 | 0,04 | 220 | 170
3 Tank armor 0331149 0417|106 |231|027 |0,006]|110 |56
4 Gun barrel A 0,371 | 0,316 | 0,26 | 100 |3,12|047 |[0,12 |46 37
5 Gun breechB 0,340 | 0,180 | 0,61 |1,00 |2,79]|0/49 |0,112 |37 46

The melts were conducted in a 30 kW Tammann
furnace with a graphite heater. Metal samples weigh-
ing 120-150 g were melted in alumina crucibles for 30
minutes at a temperature of 1600°C. To ensure a ra-
tional composition of the low-basicity slag for the melts,
a mixture was synthesized from oxides classified as
"chemically pure" with the following composition: 50%
CaO, 35% SiO,, 5% Al,03, 5% MgO, 5% FeO. This
mixture was subsequently melted in alumina crucibles

to homogenize the slag composition. The slag quantity
was 10% of the sample mass.

After remelting the high-alloy steel scrap samples,
the prepared metal samples were analyzed using opti-
cal metallography on a "Neophot-24" setup, and slag
samples were analyzed for X-ray phase analysis of the
slag components. This allowed the determination of
non-metallic inclusions and their crystal-chemical com-
position in the metal according to the requirements of
DSTU 8966:2019. It was established that the main part
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of inclusions were silicates, ranging from 7-10 pm, de-
pending on the size and crystallization conditions of the
cast. Changes in the content of alloying elements due
to the remelting process were analyzed. It was con-
firmed that the loss of expensive alloying elements (Cr,
Mo, W, V) depends not only on their chemical affinity
to oxygen but also on the formation of compounds like
CaO*MeO in the slag, where MeO is an oxide with
acidic interaction properties.

The results made it possible to conduct an industrial
melt for remelting steel 110I13J1 without oxidation at
the operating enterprise of PJSC "Dniprovs'ky
strilotchny zavod". The metal charge consisted of 1000
kg of steel scrap and 9000 kg of steel 110I'13J1 scrap.
The following slag-forming materials were used: lime-
stone 214 kg, fluorite 75 kg, and modifier 39 kg. At the
end of the melting period, the slag had the following
composition: FeO - 2.34%, MnO - 25.38%, and its ba-
sicity was 1.1. Before the metal was released from the
furnace, the slag's basicity was 2.5 with the following
chemical composition: FeO - 1.62%, MnO - 10.44%.
The metal loss amounted to 954 kg.

Thus, the conducted research enabled the determi-
nation of the phase components of the CaO-FeO-SiO,-
MeO (Me — Cr, Mo, V, Mn) slag systems using physical
metallography methods. The viscosity of the slags
from the experimental melts was determined using vi-
bration viscosimetry, allowing the prediction of mass
transfer reactions in the metal-slag system. The study
of the metal from the experimental melt of steel
11013/, following the standards of research control,
confirmed the complete compliance of the remelted
metal's quality with the DSTU standard

Conclusions

The conducted research allows the proposal of a
new, resource-efficient, one-slag technology for re-
melting high-alloy special-purpose steel scrap. This
technology can be implemented in metallurgical enter-
prises.

To ensure a rational slag composition with reduced
basicity during the melting process, a mixture of oxides
classified as "chemically pure" has been synthesized
with the following composition: 50% CaO, 35% SiO,,
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5% Al,O3, 5% MgO, and 5% FeO. This composition
helps reduce the loss of alloying elements and im-
proves the remelting efficiency.

Based on the analysis conducted according to the
requirements of DSTU 8966:2019 regarding the con-
tamination of metal by non-metallic inclusions and their
crystalline and chemical composition, it was found that
the majority of inclusions are represented by silicates,
with sizes ranging from 7 to 10 ym. These indicators
depend on the size and crystallization conditions of the
ingot. The changes in the content of alloying elements
as a result of the remelting process were analyzed. It
was confirmed that the losses of expensive alloying el-
ements (Cr, Mo, W, V) depend not only on their chem-
ical affinity to oxygen but also on the formation of com-
pounds in the slag of the type CaO*MeO, where MeO
is an oxide with acidic interaction properties.

The newly obtained knowledge regarding the phys-
ical properties and phase composition of lime-iron slag
in the system CrO-FeO-SiO,-(Me)O, where Me are
Mn, Cr, V, and Mo, significantly complements the re-
search of both domestic and international scientists.
This is due to the novelty of the approach and its prac-
tical orientation towards the needs of specific indus-
tries.

The developed technological solutions for predict-
ing the optimal composition of the metal charge for
high-alloy special-purpose steel scrap will improve the
technical and economic indicators of steel production
in electric furnaces and contribute to the reuse of valu-
able materials. This is crucial in the context of the con-
stant rise in raw material costs and the ongoing efforts
to reduce environmental impact, as well as to support
Ukraine's sustainable development (addressing envi-
ronmental issues, reducing greenhouse gas emis-
sions, minimizing ferroalloy consumption, etc.).

Implementing the results obtained at Ukrainian
metallurgical enterprises will allow for a reduction in
electrical energy consumption within the industry,
which in turn will enable this energy to be redirected to
other sectors and the needs of the population.
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Shevchenko D., Ovcharuk A., Nadtochii A., Prikhodko S., Shutov V.

Research on the properties of ferronickel production slags
and development of technological schemes for their enrichment

Objective. Determination of the physicochemical properties of slags, phase composition, and forms of nickel presence in
them, development of enrichment modes and equipment parameters. Research Methods and Equipment. X-ray spectral
microanalysis (RSMA) on the SELMI REM-106I installation was used to determine the distribution of nickel between the
metallic and oxide phases in the presented slag samples. Dry and wet gravity and magnetic separation using modernized
magnetic separators established the possibility of slag enrichment and the distribution of nickel between the enrichment
products. Research Results. This work has conducted research on the gravitational-magnetic separation of electro-fur-
nace and refining slags of ferronickel production in the conditions of the Pobuzhsky ferronickel plant. The efficiency of
implementing the developed technological schemes in production was shown, providing additional extraction in the
amount of 119 tons or 9.8% of the total annual nickel production at the plant. Slag samples were ground in experimental
ball mills to fractions of —0.16; 0.16+1.6 and +1.6 mm and subjected to enrichment by gravity and magnetic separators
with a magnetic induction on the drum surface of 0.3-0.6 T (Tesla) of the MBS-300 and MS-500 types with a total metal
phase yield of up to 30%. Scientific Novelty. RSMA established that nickel, both in electric furnace granulated slags and
in refining slags, is in the metallic phase and is represented by metal nuggets in combination with iron of various shapes
and sizes. Enrichment of electric furnace and refining slags by a combined method using a high-intensity magnetic field
will allow obtaining a metal concentrate containing 0.9-38% nickel. The combined enrichment method using high-intensity
magnetic separators is one of the most promising for enriching both primary mineral raw materials and secondary mate-
rials of ferrous and non-ferrous metal production. Practical Significance. The developed and proposed for implementa-
tion technological schemes for enrichment of electric furnace slags using the “wet” technology and refining slags using
the “dry” technology allow for the utilization of about 1200 tons of nickel per year or the extraction of 31.6% and 94.65%
of nickel from slags, respectively. Keywords: nickel, electric furnace and refining slags, X-ray spectral microanalysis,
gravity and magnetic separators, enrichment, metal concentrate, extraction.

Introduction. At the current stage of global indus-
trial production development, special attention is paid
to the issues of comprehensive rational use of mineral
resources, utilization of secondary material and energy
resources, and environmental protection. The produc-
tion of ferronickel from oxidized nickel ores by the elec-
tric thermal method is one of the most material- and
energy-intensive processes, due to the low content of
the main element - nickel, whose concentration in ores
from various deposits is only 1-2.5% [1,2].

With such a nickel content in the raw material, the
slag ratio ranges from 6-10 and determines various
specific energy consumption values per ton of calcine
and finished product, which amounts to 30-55 thou-
sand kWh/ton of nickel, despite the fact that it is an
easily reducible element [3]. Therefore, the utilization
of the metallic phase of ferronickel allows for the reduc-
tion of energy and material costs. The main amount of
metal granules is concentrated in both refining and
electric furnace slags. The most important aspect in
the utilization of slags from ferroalloy production is the

Table 1 - Chemical Composition of Slag Samples*

separation of their metallic and oxide components to
obtain metal concentrate and slag. Currently, various
methods are used worldwide to separate the metallic
and oxide components of slags, ranging from manual
selection to modern X-ray radiometric separation, alt-
hough technologies based on gravitational and mag-
netic methods are the most widespread [4,5].

Research Goals and Objectives. Rational and
comprehensive use of mineral raw materials in metal-
lurgical production, one of the most material-intensive
industries, is an important and urgent problem, the so-
lution of which allows for increased production effi-
ciency, improved economic indicators, and addressing
environmental protection issues.

Theoretical and Experimental Research. To con-
duct research on the physical and chemical properties
of electric furnace and refining slags, determine the
phase composition and forms of nickel in it, and de-
velop enrichment modes and equipment parameters,
5 slag samples (Table 1) from ferronickel production
were studied at the Pobuzhsky Ferronickel Plant.

Sample Chemical Composition, %
Ni Fe MgO SiO» CaO Al203
1 0,28 13,02 34,69 47,24 0,297 2,248
2 0,26 12,45 31,48 43,80 0,285 2,056
3 10,95 17,60 7,29 16,30 42,66 6,590
4 9,90 17,75 7,26 16,32 42,68 6,62
5 9,33 17,14 7,34 16,42 42,65 6,61
*Samples 1-2 — granulated electric furnace slag
Samples 3-5 — refining slags
© Shevchenko D., postgraduate student, Ovcharuk A., Doctor of Technical Sciences, Professor, Nadtochii A., candidate of tech-

nical sciences, associate, Prikhodko S., postgraduate student, Ukrainian State University of Science and Technologies;
Shutov V. candidate of technical sciences, associate, Dnipro University of Technology
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A distinctive feature of the technological scheme for
ferronickel production at PRONICO S.A. is that the re-
fining process of crude ferronickel is carried out in a
modern unit - a ladle furnace, while at PFK this process
is conducted in oxygen converters. The research on
the distribution of nickel in slags was conducted using
the RSMA (SELMI REM-106l) setup at the National
Technical University of Ukraine (Igor Sikorsky Kyiv Pol-
ytechnic Institute) in Kyiv. Based on the results of stud-
ies of five slag samples on the SELMI REM-106I instal-
lation using the X-ray spectral microanalysis method, it
was found that nickel, both in electric furnace (Figures
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1-2) and refining (Figures 3-10) slags, is present in
compounds with iron in the metallic phase, while no
nickel was found in the oxide phase.

Sulfur in electric furnace slags is concentrated in
metal granules in compounds with nickel and iron,
while in refining slags, it is mainly in compounds with
CaO. Metal granules are mostly spherical or repre-
sented by aggregates of various shapes and sizes. In
some areas of the samples, their significant amount
reaches up to 47% (see Figure 1), and the nickel con-
tent in some granules reaches ~72%.

T e
®afin Mpaeka CrcTema Passeptka 7

RIS =] sl _|_|m_|+
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20.00kV

NoO Chemical Composition, % NoO Chemical Composition, %

" | Ni Fe S Ca Si Mg " | Ni Fe S Ca Si Mg
1 71,80 | 25,88 | 0,18 | 0,19 | 1,29 0,00 1 31,46 | 67,21 | 0,00 | 0,15 | 0,29 0,00
2 3,08 4519 (0,00 | 1,16 | 39,86 | 7,11 2 1,88 51,68 | 0,00 | 0,92 | 36,53 | 5,01
3 1,25 36,74 | 0,00 | 1,58 | 40,92 | 15,25 3 2,34 42,04 | 0,00 | 0,34 | 43,07 | 10,92

Figure 1. RSMA Results of Electric Furnace Slag
(Sample No. 1)
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Figure 2. RSMA Results of Electric Furnace Slag
(Sample No. 2)

20.00kV

x3.93k

NoO Chemical Composition, % NoO Chemical Composition, %

" | Ni Fe S Ca Si Mg " | Ni Fe S Ca Si Mg
1 0,00 | 0,00 | 0,00 | 88,61 | 1,49 | 0,00 1 0,14 78,46 | 0,00 1,85 2,28 | 0,58
2 4261 | 56,80 | 0,11 | 0,49 | 0,00 | 0,00 2 0,00 88,98 | 0,19 4,53 4,86 | 0,00
3 0,00 0,13 34,39 | 65,29 | 0,08 | 0,00

Figure 3. RSMA Results of Electric Furnace Slag (Sample No. 3)

In Figure 1, the light spots (point 1) have a high content of nickel and iron (approximately 70 and 25%), while
the dark spots (points 2 and 3) contain silicon and iron oxides (35 and 40%).
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No Chemical Composition, % No Chemical Composition, %
" | Ni Fe S Ca Si Mg " | Ni Fe S Ca Si Mg
1 0,33 0,23 34,68 | 63,89 | 0,19 | 0,00 1 30,84 | 68,00 | 0,11 | 0,54 | 0,00 | 0,00
2 25,04 | 30,42 | 14,11 | 29,63 | 0,07 | 0,00 2 6,38 (8331117 |310 | 0,02 | 0,00
3 0,00 3,16 13,07 | 74,28 | 4,96 | 0,00 3 231 | 548 |119 | 78,60 | 11,70 | 0,00
4 0,45 2,44 3,25 77,44 | 2,98 | 0,00 4 438 |788 |319 | 70,28 | 11,46 | 0,00

u Wi

No Chemical Composition, %

" | Ni Fe S Ca Si Mg
1 2,05 | 3,72 |1,25 |55,28 31,14 | 0,00
2 1,24 108 |040 |8,73 |86,61]0,00
3 1,05 |598 |237 |45,21 25,30 0,00

In Figure 2, point 1 contains a large amount of iron
and nickel (67% and 30%), while points 2 and 3 mainly
contain iron and silicon (40% and 40%) and a small
amount of magnesium (11%).Research on samples of
electric furnace and refining slags from ferronickel pro-
duction using nickel-containing ore from the Guate-
mala deposit by X-ray spectral microanalysis (RSMA)
has shown that metal granules are composed of 95-
99% iron and nickel in various ratios. The nickel con-
tent in some granules of granulated electric furnace
slag reaches 72%, which provides some insight into
the mechanism of reduction processes occurring in the
ore-thermal furnace, indicating the primary reduction of
nickel followed by its dilution with iron. The metallic
phase also contains the main amount of sulfur, while in
refining slags, sulfur is concentrated in compounds
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Figure 4. RSMA Results of Electric Furnace Slag
(Sample No. 4)

with calcium oxide and is inversely related to the con-
tent of iron oxides in them.

Currently, various enrichment technologies have
been developed and implemented — mechanical, hy-
drometallurgical, electrolytic, and others, using modern
equipment, taking into account the physicochemical
and mechanical properties of secondary materials [6-
10]. The research conducted in this work is aimed at
developing a technological scheme for enriching gran-
ulated electric furnace and refining slags from ferro-
nickel production using a high-intensity magnetic field
[11-17].

The same five slag samples (Table 1) from ferro-
nickel production were studied. To more fully disclose
the slags and extract metal from them, they were
crushed from the initial fraction (Table 2) to size clas-
ses—0.16 mm; 0.16-0.4 mm; 0.4-1.6 mm and +1.6 mm.
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No Chemical Composition, %

" | Ni Fe S Ca Si Mg
1 0,00 | 0,08 | 36,65 | 63,26 | 0,00 0,00
2 0,00 | 097 |207 | 7811 | 1,26 0,00
3 041 | 006 |361 |8860 |701 0,04

No Chemical Composition, % No Chemical Composition, %

" | Ni Fe S Ca Si Mg " | Ni Fe S Ca Si Mg
1 23,73 | 75,69 | 0,00 0,33 0,25 | 0,00 1 46,10 | 53,26 | 0,34 | 0,21 0,02 0,00
2 0,48 96,71 | 0,00 0,36 2,23 | 0,00 2 24,29 | 70,66 | 1,69 | 3,02 0,34 0,00
3 2,83 8,29 0,00 4,26 57,04 | 0,50 3 2,26 91,57 | 0,00 | 0,59 5,02 0,00
4 21,06 | 65,42 | 2,72 7,03 319 (0,11 4 0,85 97,95 | 0,38 | 0,20 0,45 0,00

Figure 5. RSMA Results of Electric Furnace Slag
(Sample No. 5)

Table 2 - Granulometric Composition of Electric Furnace and Refining Slag Samples

Size Class, mm Yield, .% —
' Electric Furnace Refining Slag
+5 3,68 3,17
3-5 11,58 11,61
1-3 73,55 40,22
05-1 6,36 6,25
0,25-0,5 4.4 18,34
0,16 - 0,25 0,3 2,82
-0,16 0,13 17,59
100 100

The results of determining the granulometric com-
position of the samples show that the yield of classes
+1 mm for electric furnace slags is more than 88%, and
for refining slags — about 55%. It should be noted that
in these size classes, there is not enough disclosure of
the initial products, and therefore, preparation opera-
tions (crushing, grinding) are necessary for the subse-
quent enrichment processes of the presented sam-
ples.

In the process of developing the technological
scheme for preparing the initial materials and their

enrichment, more than 50 experiments were con-
ducted, and more than 70 chemical analyses of enrich-
ment products — metal concentrate, slags, and sludges
— were performed.

The slag preparation schemes include: crushing
the initial materials on a roll crusher, classification,
grinding in a ball mill with subsequent classification —
for electric furnace slags, and classification and double
grinding for refining slags.

Analyzing the +1.6 mm size class in refining slag
samples, it was found that there are metal granules
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and a non-metallic light product (practically slag frac-
tion). Chemical analysis showed that in this size class,
the nickel content in the metal phase is within 26-33%,
and in the slag phase, the nickel content is about 0.5%.
The +1.6 mm fraction was sent for re-crushing to iso-
late a purer metal phase. Chemical analysis of the pu-
rified metal product showed an increase in nickel con-
tent to 38%. The yield of these size fractions for sam-
ples No. 3, 4, and 5 is about 10-4.5%.

For the 0.16-0.4 mm size fraction, a metal product
with a nickel content of about 9.7% was obtained in the
magnetic separation process, with a yield of this prod-
uct of 15.34%.

For the 0.4-1.6 mm size fraction, a metal product
with a nickel content of about 25% was obtained by
magnetic separation, with a yield of 18.27%.

Thus, metal products of size fractions 0.16-0.4 mm,
0.4-1.6 mm, and +1.6 mm were obtained with a total
nickel content of about 21.94% and a total yield of frac-
tions of 43.6%. The slag fractions of refining slags con-
tain no more than 0.5% nickel.

When working with electric furnace slags, sample
preparation also included the production of size clas-
ses -0.16 mm, 0.16-0.4 mm, 0.4-1.6 mm, and +1.6
mm. The prepared size classes were sent both to the
magnetic separation stage and to the gravity separa-
tion stage.

It was found that repeated crushing and grinding
operations of the initial raw material particles lead to

Figure 6. Technological
8 - hydrocyclone;
10 — magnetic separators; 11 — sludge settler

It should be noted that the cost of equipment for the
technological line for processing electric furnace slags
with an automatic control system will be $380,000. The
installed power of the electrical equipment on the tech-
nological line is about
160 kW. The operating personnel of the technological
line is one person.

The refining slag processing scheme includes
stages of grinding, air gravity separation, and final
product finishing operations of magnetic separation.

The proposed line for processing refining slags,
characterized by a higher nickel content (7.15-10.1%),
includes: ball mill MSh1 1500x3000; air gravity sepa-
rator type VGS-2; magnetic drum separator MBS-300.
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the fact that the obtained slag particles acquire a
rounded and spherical shape. In further separation
processes, especially gravity separation methods, this
improves the separation process of the metal phase
and the slag fraction.

The yield of magnetic fractions (metal phase) in the
magnetic separation process and the yield of heavy
fractions (mainly metal granules and aggregates with
granules) during wet gravity separation in the studied
electric furnace slag samples is about 8-11.6%.

Chemical analysis data show that the nickel content
in the obtained metal products is about 0.9-4.75%.

Since granulated electric furnace slags contain
moisture under industrial conditions, an enrichment
option was investigated that involves a "wet technol-
ogy." In this option, the enrichment of crushed electric
furnace slags will be carried out on magnetic separa-
tors adapted to the properties of the initial raw material.
Enrichment of electric furnace slags by "wet" technol-
ogy allows obtaining a metal concentrate with a nickel
concentration of 0.9 to 4.75% with a yield of 2-5%. The
nickel content in the slag phase is 0.12-0.25%.

The proposed technological line for enriching elec-
tric furnace slags (Figure 6) consists of a hopper with
a feeder, a belt conveyor, a ball mill, a spiral classifier,
a sump with a pump, magnetic separators, a sludge
settler, and a pump.

Processing Electric Furnace Slags:

9 - hydroclassifiers;

The refining slag processing scheme (Figure 7)
provides for the supply of slag ground in a ball mill to a
gravity separator, where it is separated into size clas-
ses. The material of size fractions 0.4-1.6 mm and +1.6
mm is fed to a magnetic separator, where it is sepa-
rated into magnetic (metallic) and non-magnetic (slag)
fractions.

The cost of the equipment complex for processing
refining slags, including an automatic process control
system, will be $280,000, and for processing electric
furnace slags — $380,000, with a payback period of
0.54 months and 0.84 months, respectively.
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concentrate

Figure 7. Technological Line for Processing Refining Slags: 1 — receiving hopper with feeder; 2, 4, 6,
8, 10, 11 — belt conveyors; 3 — ball mill; 5 — gravity separator; 7 — storage of fraction -0.16 mm; 9 — magnetic

separator

The developed and proposed technological
schemes for enriching electric furnace slags by "wet"
technology and refining slags by "dry" technology allow
utilizing about 1200 tons of nickel per year or extracting
31.6% and 94.65% of nickel from slags, respectively.

Conclusions

Based on the results of studies of samples of elec-
tric furnace and refining slags from ferronickel produc-
tion using oxidized nickel ore from the Guatemala de-
posit at PRONICO S.A. by X-ray spectral microanaly-
sis (RSMA) on the Selmi REM-106I installation, it was
determined that the main amount of nickel is concen-
trated in metal phase granules of various shapes in
compounds with iron and sulfur, with a concentration
in some cases exceeding 70%.

The studied high-magnesia (31.5-34.7% MgO)
acidic (CaO + MgO/SiO2= 0.72-0.74) granulated elec-
tric furnace slags from ferronickel production, contain-
ing up to 0.31% Ni, are more than 95% represented by
the 0.55 mm fraction, while the highly basic ((CaO +
MgO)/SiOz over 3.0) self-disintegrating refining slags,
with a nickel concentration of 9.3 to 10.95%, are almost

40% represented by the fraction less than 0.5 mm. To
more fully disclose the grain, the initial slags were
crushed to size classes: —0.16 mm; 0.16-0.4 mm; 0.4-
1.6 mm and +1.6 mm in experimental ball mills.

Based on studies of the properties of the initial raw
material and its movement in the working zones of sep-
aration devices, a new method for enriching ferroalloy
slags by the wet method using a modernized magnetic
separator adapted to the characteristics of the initial
raw material was developed, which allowed for im-
proved nickel extraction from electric furnace slags.
The studies on the enrichability of electric furnace
slags according to the developed technological
scheme allowed obtaining a metal concentrate con-
taining 0.9-4.75% nickel.

The developed and proposed technological
schemes for enriching electric furnace slags by "wet"
technology and refining slags by "dry" technology allow
for the utilization of about 1200 tons of nickel per year,
or the extraction of 31.6% and 94.65% of nickel from
slags, respectively.
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of combined chemical-catalytic and energetic influence

Purpose. The purpose of the work is a physicochemical analysis of the intensification of the process of solid-phase iron
reduction under the conditions of the joint influence of catalytic additives and an electromagnetic field (EMF). Methodol-
ogy. The experiments were conducted in an alternating magnetic field with a frequency from industrial to ultrasonic using
the thermogravimetric method. The process of reduction of various iron ore materials was studied in the temperature
range of 873-1373 K Results. The results of laboratory experiments indicate the influence of the electromagnetic field
and intensifying catalytic additives on the process of solid-phase reduction of various iron ore materials. The non-additivity
of the results of the joint influence of additives and an intensifying EMF is shown. The study of the influence of various
process parameters on the rate and degree of reduction of iron ore materials is carried out. Scientific novelty. The joint
intensifying effect of catalytic additives and EMF on the process of solid-phase iron reduction is experimentally shown. A
physicochemical justification of the non-additivity of the joint influence on the kinetics of the reduction process is proposed.
Practical significance. Intensification of the processes of solid-phase reduction of iron ore raw materials provides a
significant increase in the productivity of direct iron production technologies - process intensification and process produc-
tivity.

Keywords: solid-phase reduction, intensification, kinetics, iron oxides, alternating electromagnetic field, mechanism, cat-
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Regularities of solid-phase reduction of iron oxides under conditions

alytic additive.

Introduction. The processes of solid-phase iron
reduction are usually carried out at moderate temper-
atures (up to 1373 K) [1-4], which makes the produc-
tivity and efficiency of the units directly dependent on
the rate of iron ore charge reduction and the possibility
of its intensification. This, in turn, requires an in-depth
study of the kinetic laws and mechanism of the recov-
ery processes, as well as the identification of limiting
links to scientifically select ways to accelerate the pro-
cess.

Various chemical-catalytic and energy (physical) in-
fluences as possible regulators of physical and chemi-
cal processes are attracting the attention of research-
ers for a long time. Thanks to numerous studies, the
most significant successes in this area have been
achieved by using electromagnetic and corpuscular ra-
diation [5-11] and alkali metal salts.

The possibility of targeted control of the concentra-
tion of electronic and structural defects in crystalline
phases by introducing impurity ions and energetic in-
fluence on the reacting system opens new ways to in-
tensify the reduction of metals from oxides. At the
same time, the simultaneous effect of these methods
on the solid-phase reduction of iron-containing materi-
als appears to be of interest.

Research results and their analysis. Experi-
mental studies of the kinetics of the process of solid-
phase reduction of iron oxides under conditions of
chemical catalytic and energy impact were performed
using the thermogravimetric method, with the registra-
tion of changes in the mass of the sample and the com-
position of the waste gases.

Hematite was reduced at a high rate (Fig. 1), with
~ 95 % of the oxygen containing iron oxide being re-
moved within 40 min. Increasing the temperature from
1073 to 1173 K accelerated only the first stage, the fi-
nal stage of reduction proceeded somewhat slower,
which is probably due to the increased difficulty of inner

diffusion gas exchange due to sintering of iron crystals.
The application of EMF slightly intensifies the process
(Fig. 1).

The rate of magnetite reduction was lower, with
~90% of the oxygen bound to iron being removed
within 40 min (Fig. 2). The transition from 1073 to
1173 K did not cause a significant inhibition at the final
stage, which can be attributed to the slow sintering pro-
cess of iron particles obtained from less active FesOa.
The intensifying effect of EMF is approximately the
same as in the case of Fe>Os reduction.

The recovery of magnetite concentrate (MC) was
slower, with the degree of recovery (ws) reaching 63
and 70% in 40 min at 1073 and 1173 K, respectively
(Fig. 3). The nature of the effect of temperature on the
process kinetics indicates that sintering and recrystal-
lisation do not develop significantly during the experi-
ment. The alternating EMF intensified approximately in
the same way as for other iron ore materials (Fig. 3). A
similar pattern was observed when the reacting system
was chemically catalysed by the introduction of KCI
into the charge (Figs. 1-3).

A more significant intensification of iron reduction
was observed under the combined effect of EMF and
potassium chloride (Fig. 1-3). Lithium chloride had the
opposite effect in the process of indirect reduction.
Adding it to the charge significantly inhibited the reac-
tion, so that in the presence of 1% LiCl, ws decreased
by 3-4% (Fig. 1-3). The inhibitory effect of lithium chlo-
ride was almost the same for all tested iron ore materi-
als.

The same set of studies was used for the carbon-
thermal reduction at 1373 K. Without catalytic influ-
ence, the complete carbon-thermal reduction of hema-
tite was completed in 20 min, and of magnetite in
30 min. The last stage of the FeOmino—Fe process was
characterized by autocatalysis (Fig. 4), which is due to

©  Grishin O.M., Doctor of Technical Sciences, ProjdakYu. S. Vice-Rector for Scientific Work, Doctor of Technical Sciences,
Professor, Ukrainian State University of Science and Technologies
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the catalytic intensification of the gasification step
(CO2+C=2CO0) by metallic iron.

Under these conditions, the catalytic effect of Fewvet
was not fully manifested, the process was relatively
slow and was completed in 45 min. The chemical-cat-
alytic and energy (EMF) effects had a positive effect on
the rate of carbon-thermal reduction (Fig. 4, 5). Lithium
chloride, which inhibited the gas reduction process,
significantly accelerated the carbon-thermal reduction.
The intensifiers were ranked by their effectiveness:
EMP, 1% LiCl, 1% KCI, 1% KCI together with the field.
Their effect is much higher than in gas reduction. For
example, the presence of 1% KCI in the charge pro-
vided a relative acceleration of ~ 30%.
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In the experiments with Fe203 and Fe3O4, these ef-
fects do not change the general appearance of the ki-
netic curves, however, during the carbon-thermal re-
duction of magnetite concentrate, catalytic additives
led to a clearly expressed autocatalysis at the FE€Omin
o—Fe stage (Fig. 5).

The complex reduction of iron ore materials was
carried out by graphite together with CO at 1173 and
1273 K, proceeded at a high rate and complete oxygen
removal was completed in 25 min at 1173 K and
16 min at 1273 K. The kinetic curves, as in the case of
carbon-thermal reduction, were accompanied by the
development of autocatalysis at the FeOmin o—Fe
stage (Fig. 6).

- s ——

Time, min

Fig. 1. Kinetics of Fe203 reduction by carbon monoxide at a) 1073 K, b) 1173 K:
1 - no additive; 2 - 1% KCI; 3 - EMF + 1% KCI; 4 - EMF; 5 - 1% LiCl
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Fig. 2. Kinetics of FesO4 reduction by carbon monoxide at a)1073 K, b)1173 K:
1 - no additive; 2 - 1% KCI; 3 - EMF + 1% KCI; 4 - EMF; 5 - 1% LiCl
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Fig. 3. Kinetics of MC reduction by carbon monoxide at a)1073 K, b)1173 K:
1 - no additive; 2 - 1% KCI; 3 - EMF + 1% KCI; 4 - EMF; 5 - 1% LiCl
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Fig. 4. Kinetics of carbon-thermal reduction at 1373 K a) Fe203 and 6) FezOa:
1 - no additive; 2 - 1% KCI; 3 - EMF + 1% KCI; 4 - EMF; 5 - 1% LiCl

During the reduction of magnetite concentrate, there were no clear kinks in the kinetic curve (Fig. 5), which
may be due to the relatively poor contact between carbon and concentrate.
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Fig. 5. Kinetics of MC reduction by carbon at
1373 K:

1 - no additive;

2 - 1% KCI;

3 - EMF + 1% KCI,

4 - EMF; 5 - 1% LiCl
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Fig. 6. Kinetics of complex reduction of Fe>Oz at a) 1173 K, b) 1273 K:
1 - no additive; 2 - 1% KCI; 3 - EMF + 1% KCI; 4 - EMF; 5 - 1% LiCl

The complex reduction of the magnetite concen-
trate was characterised by a monotonous decrease in
the rate (Fig. 7), the reaction proceeded relatively
slowly, the time for complete oxygen removal was 75
and 50 min for 1173 and 1273 K, respectively. The de-
gree of influence of the intensifiers was characterised
by the same sequence as in carbon thermal treatment
(Figs. 6, 7). The kinetic curves did not undergo serious
changes under the influence of the intensifiers. Only in
the complex reduction of MC were signs of autocataly-
sis observed at the last stage if KCl and especially LiCl
were introduced into the charge.

In addition to the industrial frequency EMF, the re-
covery of magnetite concentrate was studied under the
application of ultrasonic exposure at 773K in a

hydrogen flow. This effect had a higher efficiency com-
pared to the industrial frequency field.

Separately, a series of experiments was performed
to study the joint intensifying effect on the process of
direct iron reduction in the fluidised bed mode using
conical and cylindrical reactors. The temperature and
EMF parameters (frequency and intensity) were var-
ied. Table 1 shows some of the experimental results.

The data shows that at 973 K, the effect of additives
on the metallisation process occurring under condi-
tions of periodic exposure to a magnetic field was ap-
proximately the same as in experiments without a field.
At Wh2 = 1 I/min, the value of the degree of metallisa-
tion (a) because of the introduction of 1% KCI in-
creased significantly (from 46.5 to 63.0%). the
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reduction in the fluidised bed (Wh2 = 2 I/min) was al-
most doubled. However, at 873 K, additives under
these conditions did not produce the expected effect.
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Moreover, the process even slowed down, which was
reflected in a decrease in the amount of metallised iron

from 72% to 62.5%.
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Fig. 7. Kinetics of complex reduction of MC at a) 1173 K, b) 1273 K:
1 - no additive; 2 - 1% KCI; 3 - EMF + 1% KCI; 4 - EMF; 5 - 1% LiCl

Table 1. Concentrate metallisation in hydrogen flow under different external influences (conical reac-

tor),

T =40 min, EMF: f= 0.5 Hz, H = 400 Oe

T,K Wh, Degree of metallisation (a), %
I/min No additives and EMF EMF 1 % KCIl + EMF
873 2 46,4 72,2 62,5
973 1 47,5 46,5 63,0
973 2 49,1 55,2 100

The high values of a observed when the field was
applied in a conical reactor in the absence of additives
are explained by the specific conditions of the charge
particle movement, which was accompanied by alter-
nating cycles of ‘deposition’ and ‘swelling’ of the con-
centrate layer. With such a layer organisation, particle
sintering is difficult and does not significantly affect the

process of oxygen removal from the oxide lattice. The
weakening of this effect in the presence of salts is dif-
ficult to attribute to the influence of their layer structure
and the nature of particle movement. Probably, other
reasons underlie the observed patterns.

Similar patterns were found in the cylindrical reactor
(Table 2).

Table 2. Concentrate metallization under different external influences (cylindrical reactor),

T=40 min; EMF: f = 0.5 Hz, H = 400 Oe

T,K Whiz, Degree of metallisation (a), %
I/min No additives and EMF EMF 1% KCIl + EMF
873 2 42,2 41,6 70,5
973 1 43,5 46,8 93,0
973 2 44,2 45,2 100

At 973 K, KCI additives during the metallisation of
the concentrate in a magnetic field had a significant ac-
celerating effect, contributing to an increase in a from
45-47% to 93-100%. However, in contrast to previous
experiments, the positive effect of the additives at a
temperature decrease from 973 to 873 K was pre-
served, albeit in a weaker form: the a values increased
from 41.6 to 70.5%.

It should be noted that the efficiency of salt intro-
duction at 873 K was significantly lower than the ob-
served acceleration of processes without the field. Ta-
bles 3 and 4 compare the results of the metallisation of
the concentrate with KCl additives under the conditions
of field application and without it.

As can be seen from the tables, the combined use
of EMF and catalytic additives has a positive effect on
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the process only at 973 K. In experiments with a sta-
tionary bed (Wh2 = 1 I/min), the total accelerating effect
exceeded that observed under the conditions of sepa-
rate action of salts and field, which was reflected in the
increase in a from 63.1% and 46.8% to 93% (cylindri-
cal reactor) and from 55.0% and 46.5% to 63.0% (con-
ical reactor).

In the fluidised bed, similar ratios were obtained in
experiments lasting 30 min: the a values increased un-
der the combined effect of the field and catalytic addi-
tives in the conical reactor to 100% compared to 95.5%
(1% KCI without the field) and 55.2% (in the field with-
out additives, T = 40 min), and in the cylindrical reactor
- to 100% compared to 98 and 45.2%, respectively.
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Table 3 - Concentrate metallization in the layer at different methods of process intensification (cylin-

drical reactor),
T =40 min; EMF, =50 Hz, H=400 Oe

T,K Wh, Degree of metallisation (a), %
I/min No additives and EMF | EMF 1% KCI + EMF
873 2 42,2 95,0 70,5
973 1 43,5 63,1 93,0
973 2 44,2 100 100

Table 4. Concentrate metallization in the layer at different methods of process intensification (conical

reactor),
7= 40 min; EMF, f=0.5 Hz, H=400 Oe
T,K Wh, Degree of metallisation (a), %
I/min No additives and EMF | EMF 1% KCI + EMF
873 2 46,4 80,0 62,5
973 1 47,5 55,0 63,0
973 2 49,1 98,0 100

At 873 K, a significant weakening of the catalytic ef-
fect was observed when a magnetic field was applied
along the course (Tables 3 and 4). This trend was ob-
served both in the pulsed magnetic field and in the field
of industrial frequency. The reduction of the accelerat-
ing effect of the additives was manifested in a de-
crease in the degree of metallisation in the field by 22-
25%.

Table 5. Degree of concentrate metallization in
(Ww2 = 2 /min; 1% KCI; 1 = 40 min)

In a special series of experiments, the effectiveness
of the magnetic field on the catalytic activity of salts
was evaluated depending on the frequency and inten-
sity of the magnetic field. The obtained values of the
degree of metallisation are presented in Table 5 (nu-
merator); the denominator shows the results of con-
centrate metallisation in the presence of salts, but with-
out a field.

a magnetic field of different frequency and intensity

T,K Reactor type EMF a, %
f,Hz H, Oe

873 conical 0.5 200 40.6/80.0
873 conical 0.5 400 62.5/80.0
873 conical 50 400 55.0/80.0
973 conical 0.5 200 100/96.0
973 conical 0.5 400 100/98.0
873 cylindrical 50 200 57.5/95.0
873 cylindrical 50 400 70.5/95.0
973 cylindrical 50 400 100/100
973 cylindrical 50 200 100/100

Experiments with the variation of field parameters
(frequency and intensity) confirmed the above correla-
tions.

It is well known that the solid-phase reduction pro-
cess is complex, which is determined by the closely in-
terconnected links of diffusion, crystal-chemical and
carbon gasification reactions. In this context, the mech-
anism of both energetic and chemical-catalytic influ-
ence on the reacting system should be considered.

The presented results of the experiments allow us
to draw certain conclusions about the mechanism of
joint chemical-catalytic and energy intensifying influ-
ence on the processes of solid-phase iron reduction. It
should be noted that direct experiments have shown a
certain disagreement between the total effect of the
sum of influences on the rate of reduction of iron ox-
ides, i.e., there is a non-additivity. Moreover, there was
a mutual levelling of the chemical-catalytic and energy

effects when they were used together. The intensifying
effect of the joint action of the additive and EMF dif-
fered depending on the type of process and field fre-
guency and was the smallest compared to the sepa-
rate variants. All the above makes it very difficult to an-
alyse the mechanism of the joint effect of intensifiers
on the iron reduction process.

The catalytic effect of alkali metal salts is widely re-
ported in scientific publications and in our research re-
sults [12,13]. Based on the fundamental concepts of
heterogeneous catalysis, solid state physics, and the
theory of chemisorption on the surface of semiconduc-
tors, the mechanism of additives' action was devel-
oped through the influence on the adsorption-chemical
link and diffusion of iron ions in the crystal lattice [14].
The influence of catalytic additives on the adsorption-
chemical link is realised through changes in the struc-
tural and electronic defects of oxide crystals and, as a
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result, the adsorption capacity of the oxide surface.
The diffusion processes are affected by the potential
difference between the oxide surface and the volume
formed during the chemisorption of gases [15,16].

It should be noted that the energy effect affected
the indirect reduction and gasification steps. Iron,
Fe30a4, and Fe20s-y are typical ferromagnets charac-
terised by magnetostriction: size change when mag-
netised, and this effect plays a significant role in the
reduction of iron oxides under alternating magnetic
fields, facilitating inner diffusion gas exchange and
crystal-chemical transformations.

Along with the diffusion transport of gases, electro-
magnetic effects, due to the magnetostriction effect,
accelerate the crystal-chemical transformation step.
The continuous movement of particles forming crystals
in an alternating EMF increases their mobility, which
leads to an increase in the rate of ion diffusion through
the crystal lattice and facilitates phase transformations.

There are other ways in which an alternating field
can affect the indirect reduction of iron oxides. For ex-
ample, a change in the linear dimensions of ferromag-
netic phases due to magnetostriction causes elastic
stresses of different signs in them, which affects the
rate of ion movement through the crystal lattice [14].
These stresses can also be transmitted to nonferro-
magnetic materials (FeO) that are in close contact with
ferromagnets within the same grain. Consequently, the
solid-phase diffusion of ions throughout the grain is ac-
celerated. This is confirmed by the intensification of
NiO reduction by hydrogen when an alternating field is
applied to the reacting system.

It is known that an external electric field affects the
activity of a semiconductor [17], which is associated
with a change in the concentration of electrons and
holes, which affects the adsorption capacity of the
crystal surface. The activity of semiconductors also
changes under the influence of EMFs. Chemisorption
on the surface of oxides separates the charge into sur-
face and bulk charges, creating an electric field that
regulates the transfer of ions in the solid phase. The
EMF imposed on the reacting system affects the mo-
bile electric charge (Lorentz force) and can have a
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favourable effect on solid-phase diffusion processes
and crystal transformations in general

Lastly, carbon gasification is also affected by EMFs.
Itis likely that the field affects the destruction of carbon-
oxygen complexes on the carbon surface, which is ac-
companied by the release of CO into the gas phase
and thus intensifies the carbon-thermal and complex
reduction of iron oxides.

Thus, the mechanisms of influence of catalytic ad-
ditives and EMFs on the recovery process are quite
similar. The non-additivity of the joint effect of these in-
tensifiers may be due to mutual ‘competition’. It is
known that the catalytic effect of alkali metal salts is
attenuated as the weight of the additive increases. This
is also true for the power of the EMF. In this case, when
the intensifiers act together, the maximum effect is
achieved at a lower level compared to the sum of the
effects. In the case of carbon-thermal and complex iron
reduction, the non-additivity can also be caused by the
physicochemical patterns of the intensifying effect on
the carbon gasification reaction. Probably, the field af-
fects the process of destruction of carbon-oxygen com-
plexes on the carbon surface, which is accompanied
by their release into the gas phase and thus intensifies
the carbon-thermal and complex reduction of iron ox-
ides. In this context, the mechanism of both energetic
and chemical-catalytic influence on the reacting sys-
tem should be considered.

An increase in the speed of each of the links should
contribute to the intensification of the process, but the
maximum effect can be obtained by accelerating the
combination of these reactions.

Conclusions.

The fact of the non-additivity of the joint effect of a
catalytic additive and an intensifying EMF on the rate
of the direct iron reduction process has been experi-
mentally established. A physicochemical model of the
mechanism of joint effect of intensifiers on the reduc-
tion process has been proposed. The effect of the fre-
guency and intensity of the EMF on the intensification
of the solid-phase reduction of iron ore materials was
experimentally confirmed.
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Akreiev V., Cherenkov D., Prykhodko S., Melnyk S., Ovcharuk A.
Improved heat-insulating products for ingot
hot-tops in molds without extensions

Abstract. The fundamental principle of proper ingot solidification in metal molds - hop top part of ingot should cool and
solidify slowly than the ingot body. To achieve this, typically hop top parts of ingots are insulated with special thermal
insulation products. They are mounted either directly on the inner surface of the mold or installed in special hop top
extensions of the mold. This approach effectively directs shrinkage defects away from the usable ingot section into hop

top cut zone.

For different steel grades (alloys), depending of the application, ingot design, and casting method, hop top cut ranges

from 8% to 16% of the total ingot mass.

This article presents experience in using an advanced thermal insulation insert design, which enables higher part of usable
ingot metal, prevents subhead cracks in the ingot, simplify and lighten the lining of ingot hop top.
Keywords: thermal insulation insert, ingot, mold, hop top, hop top cut, usable part of ingot metal.

Introduction. Steel casting is final and one of the
most responsible operations in the steel ingot produc-
tion process. As a rule, the quality of steel ingot prod-
ucts is subject of highest requirements, which entails
the need to develop and implement effective technolo-
gies, that help to reduce physical, chemical and struc-
tural heterogeneity in solidifying ingots, reduce hop top
cut, and increase usable part of ingot metal.

Moreover, it should be noted that steelmaking is a
costly process, both in terms of financial, energy and
resource components and in terms of personnel labor.
In case of defective production, all these expenses
may be wasted. Even minor deviations in the casting
process technology lead to a reduction of usable part
of ingot, due to an in the amount of low-quality products
amount, losses from defective ingots and other exces-
sive production waste.

Unstable or unsatisfactory quality of steel ingots is
most often associated with the transition of steel and
alloys from a liquid to a solid state. This transformation
is accompanied by numerous simultaneous physical
and chemical processes. At this time during ingot for-
mation, it is possible to set the conditions for the further
defects background, that cannot be eliminated in the
future by plastic deformation of the metal. A large num-
ber of simultaneously interacting factors makes it diffi-
cult to manage effectively of ingot forming processes
and, as a result, to produce high-quality products that
will meet the highest requirements of customers.

After casting into the mold, the steel transfers its
heat to the mold walls and the environment through the
upper end surface of the ingot. Solidification of ingot
begins around the walls of the mold. The thickness of
the ingot part that has crystallized continuously in-
creases, and a transition zone is formed between the
liquid core of the ingot and the solid part of metal. Crys-
tals and liquid metal coexist in this transition zone in
the interdendritic space. The crystallization of the ingot
ends near its longitudinal axis with the formation of co-
lumnar crystals. The steel solidifies in the tree-shaped

form of dendritic crystals, whose size and shape de-
pend on the solidification conditions and the chemical
composition of the melt.

Conditions for directional solidification of the metal
are created to eliminate shrinkage defects in ingots.
This is achieved by increasing the cross-sectional area
of the working cavity of the mold with height and by
insulating ingot hot top.

The correct choice of design and dimensions of
heat-insulating products for the ingot hot top is crucial
for the most complete removal of the shrinkage cavity.
This article will present design improvement of the
heat-insulating insert, which allows to increase the us-
able part of ingot metal, reduce the percentage of hop
top cut from the total mass of the ingot, reduce metal
waste, and eliminate possible defects in the ingot.

Defects and Flaws in Steel Ingots. Defects and
flaws that can be found on ingots and metal billets
(blooms, slabs) are divided into groups:

1. Natural (or unavoidable) defects that occur dur-
ing the cooling and crystallization of liquid steel in a
casting mold (crystallizer, mould), as well as during the
cooling of an ingot that has already been formed.
These include shrinkage cavity, porosity, shrinkage
porosity, gas bubble and non-metallic inclusions. It is
impossible to completely eliminate natural defects in
the ingot, but it is possible to influence the develop-
ment of natural flaws, limiting them and thereby im-
proving the quality of ingots, steel billets and rolled
products [1].

2. Technological defects. They are formed as a re-
sult of imperfections or violations of the established op-
erating conditions of steelmaking and casting. Such
defects include transverse and longitudinal cracks,
pours, belts, metallic and some non-metallic inclu-
sions, subcortical and internal bubbles in steel ingots.
Selection of the most rational designs of replaceable
equipment (like molds, pallets, and hot tops) and com-
pliance with metal casting technology ensure a sharp
reduction of steel ingots technological defects [1].

© Akreiev V., postgraduate student, Cherenkov D., Prykhodko S.postgraduate student, Melnyk S.,postgraduate student; Ovcha-
ruk A. Doctor of Technical Sciences, Professor, Ukrainian State University of Science and Technologies
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From the point of view of defects location in the
body of ingot, defects are divided into surface and in-
ternal. Surface defects are easy to detect and in most
cases can be eliminated on cooled ingots and billets by
cleaning. Internal defects are detected in ingots by mi-
cro- and macro- examinations.

A separate category includes rejected ingots. Ingot
rejects are mostly caused by the presence of cracks,
which are divided into internal and external cracks. Ex-
ternal cracks are divided into longitudinal and trans-
verse cracks according to the direction of ingot axis.
Hot cracks are cracks that formed on the ingot in the
hot state and, accordingly, cold cracks are those that
formed in the cold state of the ingot [2].

All kinds of cracks are formed during the crystalliza-
tion and cooling of ingot, as well as when it is heated
before rolling or during rolling (internal cracks). These
stresses can be different in strength and sign depend-
ing on the shape, geometric dimensions, weight, and
mode of forming, cooling, or heating of the ingot. Inter-
nal cracks called intergranular (“spider”) cracks are of-
ten observed in alloy steel ingots. They are located
along the ingot axis and cause delamination in the frac-
ture. When steel that is not sufficiently refined from hy-
drogen is cooled, internal cracks called flocs appear

[3].
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Transverse cracks (Fig. 1) occur at an early stage
of ingot crystallization, when the ingot does not receive
free longitudinal shrinkage during solidification. Trans-
verse cracks can form anywhere along the height of
the ingot. In the upper hot top part of the ingot (Fig. 1,
1) they occur when the metal overflows and in cases
where the pours were not removed before the for-
mation of a hard crust or if the lining (patching) of the
insulation was poorly performed. In the hot top part of
the ingot (Fig. 1, 2) the cause of cracks is the ingot sus-
pension due to the uneven surface of the mold or metal
leakage into the gap between the mold and the hot top
extension. If expanded upwards ingots are welded to
the bottom or walls of the mold and there is no free
longitudinal shrinkage, transverse cracks appear in the
body (Fig. 1, 3) [1, 3].

The surface layers of the ingot, which cool down
much faster than the inner layers, experience greater
shrinkage than the inner layers. At the same time, the
inner layers prevent the free contraction of the surface
layers and it inevitably develop stresses, which in
some places can exceed the tensile strength of the
metal and lead to the formation of longitudinal cracks
in any area along the height of the ingot. Such cracks
are most common in ingots of circular cross-section,
i.e. when the cross-section of the ingot has the small-
est perimeter.

Fig. 1. Transverse cracks in a steel ingot (1 — hot top crack,

2 —“sub” hot top crack, 3 - ingot body crack)

Longitudinal cracks in ingots are formed as a result
of a mismatch between the temperature of the poured
steel and the speed of ingot mold filling. When the
molds are filled with superheated metal at a high
speed, a crust of insufficient thickness and strength is
formed before the ingot leaves the mold walls, which
ruptures when it cannot withstand the pressure of the
liquid steel column. Pouring overheated metal at high
speed leads to an increase of thermal stress during the
ingot cooling process. Numerous studies and factory
practice confirm that the formation of longitudinal
cracks depends on the poured steel temperature and
filling rate of ingot molds. Thus, ingots cast by the cast-
ing refractories method, which is characterized by low
mold filling rates, always have fewer longitudinal and
transverse cracks. It is possible to reduce the number
of cracks on the ingots by reducing the pouring rate of
overheated steel [4].

When steel is poured from above as a result of
metal jet hitting the bottom of the ingot mold, and when
it is poured by siphon-casting as a result of metal flow-
ing out of the mold bottom during the initial period of its
entry into the mold, metal splashes onto the inner sur-
face of the ingot mold, which causes the formation of
films on the bottom of the ingot. A large number of
splashes and droplets lead to formation of a continu-
ous solidified crust on the bottom of the ingot. A con-
tinuous crust of the same origin, which extends almost
to the entire height of the ingot, is called a "shirt". The
formation of continuous pours is only possible when
steel is poured from above in a loose jet, when metal
splashes continuously hit the walls of the ingot mold [3,
4].

Fig. 2 shows technological defects on ingots (from
left to right): films from a sharp lifting of the stopper;
films from metal jet splashing; “shirt” as a result of
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casting the ingot without braking the jet until the end of
pouring; line on the ingot and twists of the crust from a
long break during pouring; films in the lower part of the

Fig. 2. Technological defects on ingots
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ingot from a rupture of the crust during pouring of hot
metal.

Fig. 3 shows ingots with surface rejects (from left to right): a bump on ingot caused by incorrect metal jet
centering; overflow of a steel ingot; grooves on an ingot caused by a large crack in the casting ingot mold.

Sulphur, nitrogen, phosphorus, hydrogen and oxy-
gen are in a soluble state in liquid steel and released
as solid non-metallic inclusions or as separate gas
phases during ingot solidification. Non-metallic inclu-
sions affect the properties of the metal and are often
the cause of rejects in ingots and billets. Non-metallic
inclusions are natural (endogenous) and extraneous
(exogenous) [2]:

1. Endogenous non-metallic inclusions are formed
as aresult of oxidation and deoxidation reactions of the
metal bath, changes in equilibrium constants, decreas-
ing in the solubility of components with decreasing
temperature, and as a result of segregation processes
[5, 6].

2. Exogenous inclusions enter the metal from the
outside in the form of pieces of refractories, slag parti-
cles, etc. Such inclusions amount depends on the con-
dition of the runners, ladles, siphon casting products,
hot top margin and the cleanliness of the casting
molds. The most effective way to reduce the amount of
non-metallic inclusions in steel is to use high-quality re-
fractories and and precise adherence to technology [7].

Non-metallic inclusions are found in ingots, billets
and finished products as compounds of various metals
contained in steel with sulphur (sulphide), carbon (car-
bide), nitrogen (nitride) and oxygen (oxide). If non-me-
tallic inclusions are located on the surface of the ingot,
they are called surface inclusions or edge inclusions; if
they are located at some depth in the body of the ingot,
they are called internal inclusions. Non-metallic inclu-
sions visible at low magnification, for example, through
a magnifying glass, are called macroscopic; inclusions
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Fig. 3. Ingot surface flaw rejects

visible only at high magnification (50 times or more) are
called microscopic [6].

The form of non-metallic inclusions is mainly deter-
mined by their melting point. Non-metallic inclusions
with a melting point higher than the melting point of lig-
uid steel solidify in the steel as crystals with sharp
edges; these include carbides, nitrides, oxides, and
sulfides. Iron oxide, iron and manganese silicates,
which have melting point below the solidification point
of ingot, usually appear as balls shape, spheres (glob-
ules).

Iron sulphides and oxysulphides, having a melting
point lower than the melting point of steel, are located
along the grain boundaries of the steel and cause a
very serious defect — hot shortness. Reducing the sul-
phur and oxygen content in the finished steel elimi-
nates hot shortness, and adding elements such as
manganese, titanium, vanadium, aluminium, zirconium
and others that have a higher affinity for sulphur and
oxygen than iron to the bath at the end of the melting
process helps to produce high quality steel. Non-me-
tallic inclusions in the ingots processing by pressure
are drawn in the direction of rolling into lines or strips,
resulting in a fibrous structure of metal. Transverse
samples of such metal have lower strength than longi-
tudinal samples.

The strength properties of steel products often be-
come worse when ingots contain metal inclusions. All
metal inclusions are exogenous. These are either
pieces of undissolved decking that have been removed
from the nozzle cup and fallen into the mold, or crusts
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of frozen metal formed in siphon-casting refractories,
or plugs and large films [7, 8].

Metal Shrinkage, Shrinkage Cavity. When metal
is cooled from a temperature of 1600°C to temperature
600°C, it changes from a liquid to a solid state, with a
volume reduction of approximately 4-6%. When liquid
steel is cooled, its chemical and physical properties
change and the ingot structure is formed. As the tem-
perature of steel decreases, the solubility of many
chemical elements and gases decreases, and they are
released to a greater extent during crystallisation. The
density of steel is temperature-dependent and de-
creases with temperature reduction in the liquid and
solid states. As a result of its crystallization decrease
in the volume of the metal leads to the formation of
shrinkage cavities or pores in metal ingots, which can
lead to a decrease of usable part of metal ingot.

Due to the change in ingot volume, the geometric
volume of the mold will not be completely filled with
metal. A cavity is formed, which is called a shrinkage
cavity. This shrinkage cavity is concentrated in the
thermal center of the ingot, where the very last portions
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of the metal solidify. In addition to the shrinkage cavity,
small macro voids of shrinkage origin can form in the
ingot, which are most often located along the axis (cen-
tral porosity) [3].

The shape and location of the shrinkage cavity in
the ingot, as well as character of central porosity and
dispersed shrinkage, depend on the design of the mold
and heat dissipation conditions through the mold walls.
To reduce the hot top cut, the top of the ingot is often
made in the shape of a truncated pyramid. In this case,
the lowest heat removal from the ingot head is
achieved by reducing the specific cooling surface due
to the conical design of the ingot top. Additionally, the
hot top part is insulated with refractory materials and
insulating plates using corner elements for rectangular
moulds (Fig. 4). Under these conditions, the heat cen-
tre is located in the hot top part of the ingot, which en-
sures that liquid metal flows down the ingot throughout
the solidification period. The liquid metal fills all the
shrinkage cavities, and the ingot body is formed quite
densely.

Fig. 4. Rectangular mold lined with heat-insulating boards using corner elements

Maintaining the metal in the hot top of the ingot in a
liquid state is achieved by retaining the internal heat of
the metal itself. If this is not enough to produce a high-
quality ingot, the hot top is additionally heated. Gas
burners, various types of electric heating, heat-insulat-
ing mixtures for insulating the metal surface, exother-
mic masses, exothermic heat-insulating plates and
shells are used for this purpose.

The volume and location of the shrinkage cavity
largely depends on the casting technology. As the
metal temperature increases, the shrinkage cavity in-
creases accordingly and it penetrates deeper into the
ingot body. In order to reduce the length of the shrink-
age cavity, hot metal is poured slowly whenever possi-
ble. All of the above measures should be carried out in
an integrated manner to minimize shrinkage cavity or
to weld it out during deformation. This will help to in-
crease the usable part of metal ingot [9].

Designs of the Ingot Hot Top and Their Disad-
vantages. This article examines a method for manu-
facturing a thermal insulation insert that can be used in
ingot casting molds with an upwardly expanded or con-
stant cross-section of working cavity. It is suitable for
molds with a round or polygonal cross-sectional shape.

The basic principle of ingots casting in metal molds
is that the hot top part should crystallize last. For this
purpose, the hot top parts of the molds are equipped
with thermal insulation in the form of thermal insulation
inserts located on the inner surfaces of the mold end
or on the inner surfaces of the hot top extensions to
prevent unwanted heat exchange with the environ-
ment.

For different steel grades (alloys), depending on the
purpose, ingot design and casting method (top or si-
phon casting), the hot top cut is generally ranges be-
tween 8 and 16% of the total ingot weight (Fig. 5). Let
us consider the methods of implementation of the ingot
hot top section:

Thermal insulation products for molds lining without
hot tops, which partially extend beyond the mold cavity
and allow partial formation of the hot top outside the
mold cavity. The disadvantage of these kind thermal
insulating products is highly skilled personnel need in
order to perform the lining and increased risk of metal
leakage from the hot top area.
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2. Thermal insulation inserts used in molds with hot
top extensions lined with such inserts. The use of the
hot top mold extensions with these inserts, depending
on the design, has several disadvantages, including:

-high cost of the hot top metal body exten-
sions;

-increased risk of ingot cracking;

-high labor intensity for lining;

-large hop top cut of the ingot.

3. Thermal insulation inserts used in molds without
hot top extensions, where the upper part is also lined
with thermal insulation materials (products). The disad-
vantages of using such molds include:

- need for highly skilled personnel for lining works
with these kind of thermal insulation inserts;

- impossibility to use the entire volume of the mold
to produce a usable part of metal ingot;

- necessity to place the hot top part of ingot in the
body of the mold.

4. Thermal insulation inserts, used for producing
steel ingots, installed as separate elements on the in-
ner surface of the hot top in the mold, which has an
upwardly expanded body with an internal working cav-
ity. The hot top, mounted on the mold, consists of an
outer metal body and a dense refractory lining inside.
The refractory material is replaceable. The disad-
vantages of this type of design include:

- low usable part of ingot metal,

- increased maintenance time;

- high labor intensity.

This type of hot top is reusable, but with repeated
use, the thermal insulation insert experiences signifi-
cant wear and requires intermediate repairs. After sev-
eral repairs, the refractory lining surface becomes dis-
torted, making it impossible to maintain consistent di-
mensions of the ingot’s hot top section. Additionally,
the hot top has a significant weight, making installation
on the mold impossible without lifting equipment.

Problem Statement. With a purpose of ingot cast-
ing efficiency improving, it is necessary to modify the
thermal insulation insert design to achieve the follow-
ing objectives:

- increase the usable part of metal ingot;

- reduce the percentage of hot top cut acc. to the
total weight of the ingot, thereby minimizing metal
losses;
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Fig. 5. Hop top cut 11% of 6,5 ton ingot 1.4541 (AISI321)
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- obtain stable dimensions of the ingot hot top sec-
tion;

- simplify the lining process of the hot top in molds
using thermal insulation products, reducing the risk of
liquid metal leakage from the hot top;

- extend the hot top section beyond the mold cavity;

- decrease the labor intensity of the hot top manu-
facturing and installing;

- reduce maintenance time and overall process
costs.

The task is solved by installing a heat-insulating in-
sert on the mold body instead of the add-on to form the
ingot hot top part with various options for its installation.

The proposed thermal insulation insert for the ingot
hot top forming has a vertical shape with upper and
lower end faces, with inner working wall and an outer
wall. It is designed as a continuous structure along the
perimeter. The horizontal section is shaped as an outer
shoulder, corresponding to the contour of the mold's
top end. The outer surface of the vertical section
matches the shape of the inner surface of the upper
part of the mold, ensuring a precise fit and effective
thermal insulation.

The thermal insulation insert is designed as a con-
tinuous structure along the perimeter, with the thick-
ness of its horizontal section ranging from 10 mm to
100 mm, and the thickness of its vertical section rang-
ing from 10 mm to 50 mm. The horizontal part of the
thermal insulation insert can be made flush with the top
of the vertical section or positioned at the midpoint of
the vertical section.

Depending on the cross-sectional shape of the
mold, the cross-section of the thermal insulation insert
can be circular, rectangular, or polygonal. The vertical
part of the mold thermal insulation insert may have dif-
ferent shapes - conical, cylindrical, or polyhedral [10].

Universal Thermal Insulation Product for Molds
without Add-ons. The thermal insulation insert con-
sists of a vertical part (1) and a horizontal part (2), with
an inner working wall and an outer wall, both having
upper and lower end faces. The horizontal part (2) is
designed in the shape of external shoulders, matching
the contour of the mold's end face. The vertical part
has a shape that matches the upper part of the mold
(Fig. 6, Fig. 7).
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Fig. 6. Example of thermal insulation insert design for a mold with a circular cross-section

Fig. 8. An example of the proposed design of a composite thermal insulation insert

The horizontal part of the thermal insulation insert
is designed to closely match or be equal to the dimen-
sions and shape of the upper end face of the mold,
onto or into which it is installed. The thickness of the
horizontal part can range from 10 mm to 100 mm.

The vertical part of the thermal insulation insert is
either conical or cylindrical, and its shape and size de-
pend on the required volume of the hot top section and
the taper of the mold cavity. The thickness of the verti-
cal part can range from 10 mm to 50 mm.

The thermal insulation insert can be made as a sin-
gle piece or composed of two elements — the lower
and upper parts (Fig. 8). The insert consists of the fol-
lowing parts: 3 — vertical part of the upper element, 7 —
horizontal part of the upper element, 8 — horizontal part
of the lower element, 6 — vertical part of the lower ele-
ment.The dimensions and shape of the horizontal part
of the thermal insulation insert must match or closely
resemble the size of the mold upper end face in order
to maximize the contact area with it. The lower and up-
per surfaces of the horizontal part, shaped as an exter-
nal shoulder of the thermal insulation insert, are de-
signed to be flat and even.

The overall height of the thermal insulation insert
(lower and upper elements), its volume, and the shape

of its internal cavity are determined based on the mass
and shape of the ingot, ensuring the correct removal of
the shrinkage volume into the hot top section.

The thermal insulation insert is installed into the
mold cavity to a depth of 150 mm and additionally
forms a hot top volume of 50 mm outside the mold cav-
ity. For operational convenience, the thermal insulation
insert is pressed against the mold body using a
weighting element (7) (Fig. 9).

The shape of the thermal insulation inserts and the
ratio of the horizontal and vertical (conical) parts of the
product allow them to be used both for partially forming
ingot hot top section inside the mold and entirely out-
side the mold.

The paired use of the proposed thermal insulation
inserts enables the formation of the hot top section of
the ingot within the mold, with the possibility of increas-
ing the hot top section outside the mold to the required
dimensions [10].

An example of the proposed thermal insulation in-
sert design for a mold with a circular cross-section is
shown in Fig. 10, where the insulation insert is pressed
against the mold body (8) using a weighting element

(7).
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Fig. 9. Example of the weighting device installation method for a solid and assembled thermal in-

sulation insert for a circular cross-section mold

Fig. 10. Installation examples of a solid and assembled insert with a weighting element in a circular

cross-section mold

Fig. 11. Installation examples of a solid and assembled insert with a weighting element in a square

cross-section mold

Fig. 11 illustrates the same concept for a mold with
a square cross-section. Similar thermal insulation in-
serts designs are used for rectangular and polygonal
molds.

The outer surface of the lower vertical part of the
thermal insulation insert follows the geometry of the in-
ner cavity of the upper part of the mold and fits tightly
against its surface. Meanwhile, the outer surface of the
vertical part of the upper thermal insulation insert can
have a variable shape, but must provide the required
wall thickness. This design of the thermal insulation in-
sert can be used for installation on molds with a direct
taper (where the cross-sectional area of the working
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cavity increases upward) and a flat upper end face
(without projections and slots).

The outer surface of the vertical part follows the ge-
ometry of the inner cavity of the upper part of the mold
and fits tightly against its surface. The dimensions of
the lower and upper vertical parts of the insert (or the
vertical parts of the lower and upper components when
used in pairs) are selected to extend a significant por-
tion of the hot top section beyond the upper end face
of the mold, thereby increasing the ingot body mass.

To prevent the thermal insulation insert from lifting
due to the pressure of molten metal and to ensure a
tight fit of the insert against the mold surface, as well
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as proper contact between the surfaces of the upper
and lower components when used in pairs, a ring-
shaped or custom-shaped weighting element of the re-
quired mass is placed on its horizontal section. Molten
metal penetration from the mold is prevented by the
tight adhesion of the insert to the mold surface, both
within the working cavity and along the upper end face.
This is achieved through the precision of geometric di-
mensions, the pressing of the weighting element from
above and the extensive total contact area between
the insert and the mold.

When using paired inserts, molten metal penetra-
tion between the lower and upper parts is prevented by
the tight fit of their horizontal surfaces, which is en-
sured by dimensional accuracy and compression from
the weighting element above [10].

The weighting element can be made of either metal
or reinforced concrete. During the casting process, the
weighting element is not subject of mechanical stress
and does not come into contact with the liquid metal.

When the proposed products replace heat-insulat-
ing products that are completely submerged in the
working volume of the casting mold, the weight of the
ingot increases due to an increase in the size of ingot
usable part (with a constant weight of the hot top part),
which results in:

a) reduction of specific costs for the formation of hot
top cut;

b) reduction of specific costs related to mold oper-
ation and maintenance.

Replacing hot top extensions lined with reusable re-
fractory materials by proposed insulating inserts allows
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to reduce the weight of the ingot hot top part. This is
ensured by high thermal insulation properties of the
product and the absence of a cooling effect on the lig-
uid metal of the extension body.

The fit of the lower vertical part of the insulating
product to the wall of the inner surface of the casting
mold, combined with the pressing of horizontal part of
the insert (product) against its end, minimizes to an in-
significant level ingot hanging on the upper end of the
mold and for this reason prevents the formation of sur-
face cracks on the ingot.

The installation of the insulating insert and the
weighting element on top of the mold is significantly
simpler, faster, and more reliable than assembling re-
fractory lining elements inside the mold cavity or hot
top extension body. This enables the use less qualified
personnel for mold preparation before metal casting.

The average ingot mass when filling the mold with
the thermal insulation insert, following the installation
scheme shown in Fig. 12, is 0,78 tn. The mass of the
solidified hot top head is 67 kgs, which, when con-
verted into percentage terms, accounts for 8,6% com-
pared to 12% with the existing hot top extension. Due
to the high thermal insulation properties of the material
and the geometric dimensions of the thermal insulation
insert, it may even allow for the complete elimination of
the ingot's hot top cut in some forging applications [10].
According to the table, the use of a thermal insulation
insert increases the usable part of ingot metal by 3%
(i.e., by 30 kg per ton). This results in significant cost
savings, when casting ingots from high-cost metal.

Fig. 12. Round-section mold (0,78 tn) with composite thermal insulation insert

Table 1. Example of ingot production and usable part of ingot metal

. . Weight of usable | Yield of usable metal,
Ingot production technology Ingot weight, t metal, t %
With known hot top extension 1,0 0,88 88
\s/\élt:[? improved thermal insulation in- 078 071 91

The yield of usable metal when casting an ingot
with a known hot top extension is 0,88 tons (when cast-
ing 1 ton into a mold), while in the case of the devel-
oped heat-insulating insert, the yield of usable metal is

0,71 tons (when casting 0,78 tons into a mold). When
converted to 1 ton of metal by using the heat-insulating
insert, the savings of usable metal is 34 kg per ton in
favor of the developed heat-insulating insert.
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Additionally, when switching to the developed heat-in-
sulating product, there is no need to modify the equip-
ment and change the existing production technology
[10].

Conclusions

The proposed heat-insulating insert without exten-
sion allows combining the advantages of the lined
heat-insulating inserts technology and the technology
of mold casting cavity lining with heat-insulating prod-
ucts, while ensuring high technical and economical
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performance of the ingot, its quality, and simplicity of
preparatory operations. The use of improved thermal
insulation insert makes it possible to:

- increase the yield of usable metal to 91% of the
total ingot weight;

- reduce the hot top cut by 25% of the base value;

- reduce metal waste;

- obtain stable dimensions of the ingot hot top part;

- reduce maintenance time;

- reduce labor intensity.
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Ignatiev V. S., Holovachov A. M., Kolbin M. 0., Yaroshenko Ya. O.
Promising metal-thermal technologies for titanium production

Abstract. This review discusses existing and new titanium production technologies, their advantages and disadvantages.
The current global production of titanium metal is based on the production of titanium sponge by reducing titanium tetra-
chloride with liquid magnesium and then purifying it by electric arc remelting (Kroll's metallothermal method). The Kroll
method has some disadvantages: periodicity of the process, low speed, and high cost of raw materials.

The paper analyzes a number of fundamentally new technological schemes for titanium production: magnetism in salt
melts; magnetism in a liquefied layer of magnesium particles (TIRO process); sodium jet thermionic (Armstrong process);

steam process.

In the near future, we can expect a breakthrough in titanium technology that will reduce its cost.

INTRODUCTION

Titanium is considered a light "new" metal that pos-
sesses a combination of unique properties: high me-
chanical strength, corrosion resistance, heat re-
sistance, and low density. These properties make tita-
nium of particular interest as a structural material in
aerospace and rocket engineering, machinery, medi-
cine, and other industries.

The raw materials for the metallurgical production
of titanium can be ore concentrates and titanium slags
containing titanium in the form of TiOz. Direct reduction
of titanium dioxide to metal is associated with signifi-
cant challenges. The reason for these difficulties lies in
titanium's high reactivity, even at elevated tempera-
tures, particularly with respect to oxygen, nitrogen, and
carbon. Even small amounts of these impurities lead to
the formation of titanium oxides, nitrides, and carbides.

Therefore, at all stages of titanium production, it is
necessary to prevent its contact with these elements.
This is achieved by sealing the equipment and creating
a neutral atmosphere or vacuum within it.

Today, the largest share of titanium produced
worldwide is made through the reduction of titanium
tetrachloride with magnesium, sodium, and calcium
(metallothermic reduction).

MAGNESIOTHERMIC PROCESS OF
OBTAINING  TITANIUM  SPONGE  (KROLL
METHOD)

The traditional and most widespread method of ob-
taining metallic titanium was patented by William Justin
Kroll in 1940 [1]. The Kroll method involves the reduc-
tion of titanium tetrachloride (TiCls) by liquid magne-
sium to produce titanium sponge, which is then sub-
jected to arc remelting into ingots [1]. The overall reac-
tion of the process is as follows:

TiClag) + 2Mgq) = Ti) + 2MgClzg (8]

Titanium tetrachloride is obtained by carbothermic
chlorination of titanium slag. The cost of titanium
sponge is 8-10 USD/kg [2]. The cost of raw materials
in titanium production by the Kroll method is as follows

(USD/kg): titanium slag 0.37; TiCls — 0.91; Mg — 1.0.
The cost breakdown of individual stages in the Kroll
process as a percentage of total cost is: preparation of
titanium slag 4%, synthesis of TiCls 9%, reduction of
TiCl4 with magnesium 25%, remelting of sponge 12%.

The Kroll method has the following drawbacks [3]:
1) The process is batch-based, with component load-
ing done in doses; 2) Low reaction kinetics of the mag-
nesium thermic process; 3) The use of expensive raw
materials (rutile or titanium slag) to obtain TiCls; 4) The
need for regeneration of magnesium and chlorine from
process products through electrolysis of molten salts;
5) To remove residual oxygen from the ingots of the
obtained titanium, vacuum separation or acid leaching
of the titanium sponge is required.

In Ukraine, titanium sponge and ingots produced by
the Kroll method are manufactured at the Za-
porizhzhya Titanium and Magnesium Plant with a ca-
pacity of 500 tons per month [4].

The drawbacks of titanium production worldwide
and in Ukraine stimulate the search for new technolo-
gies for metallothermic production of pure titanium.

COMPARISON OF METALLOTHERMY AND
ELECTROCHEMISTRY FOR TITANIUM
PRODUCTION

Metallothermy of titanium is characterized by high
specific productivity of the reactor and the release of a
large amount of thermal energy, which serves as po-
tential energy in the reducing metal (Mg, Na). The pure
alkali and alkaline earth metals used for reduction can
only be obtained through the electrochemical decom-
position of their salts. Therefore, the process of obtain-
ing titanium is complicated by the stage of regenerating
the reducing metal. As a result, the total electricity con-
sumption per unit of product for metallothermy is higher
than for electrochemical processes. In this respect,
metallothermy falls behind electrochemistry.

The metallothermic process is most efficiently car-
ried out at temperatures above the melting point of ti-
tanium (1668°C). At this temperature, the reduced tita-
nium is able to leave the reaction zone without interfer-
ing with the reduction process. At relatively low
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temperatures (<1000°C), titanium chloride reduction
does not yield satisfactory productivity.

However, the reducing metal (Na, Mg) is in liquid
form at 1000°C, and the electrolysis of their chlorides
does not present significant difficulties. From this point
of view, the technological scheme of metallothermy in-
cludes both the electrochemical regeneration stage of
the reducing metal and the titanium reduction process
itself.

The initial reagent for titanium metallothermy is al-
ways its chlorides. The reduction of titanium dioxide
with an alkali metal is not possible, as they do not form
stable oxide compounds and, during reduction, a solid
mixture of titanium particles and alkali metal oxide is
formed. Separating them is difficult, and heating this
mixture to temperatures above the melting point of ti-
tanium leads to the oxidation of titanium (TiO) — at such
a high temperature, titanium has an oxygen affinity
comparable to calcium and magnesium.

During the reduction of chlorides, the equilibrium
constant of the metallothermic reaction is very large.
Reducing metals form strong salts with chlorine.
Leaching these salts from titanium sponge or powder,
or their vacuum distillation, can yield a sufficiently pure
product. There is another argument in favor of chloride
metallothermy. The intermediate product, titanium tet-
rachloride, is relatively easy to purify from most impu-
rities through rare-phase reactions and distillation, so
any reaction for obtaining high-purity metallic titanium
or its dioxide involves the synthesis and purification of
TiCls. Additionally, reducing the chloride or its subchlo-
rides requires much lower energy costs than regener-
ating the reducing metal in the process.

NEW METALLOTHERMIC PROCESSES IN
TITANIUM METALLURGY

New technologies for obtaining pure metallic tita-
nium can be divided into two groups: metallothermic
and electrochemical. Metallothermic processes for tita-
nium reduction include the following: reduction of tita-
nium from chlorides (TiCls) using magnesium or so-
dium; reduction of titanium from oxides (TiO2) using
calcium. Depending on the reduction method, titanium
is obtained in the form of sponge or powder, which are
then used to produce compact billets by electrosmelt-
ing and powder metallurgy methods [5]. Below is a crit-
ical review of new metallothermic methods for obtain-
ing metallic titanium.

Magnesium thermite in molten salts

A serious disadvantage of the Kroll process is the
heterogeneity of the titanium reduction reaction. In the
Kroll method, gaseous TiCls interacts with the surface
of molten magnesium. The strong exothermic reduc-
tion reaction is localized at the interface. The release
of a large amount of heat in a relatively small volume
of space leads to a disturbance in the optimal thermal
regime when the reactant supply rate is high. Reducing
this rate causes low reactor productivity [3].

To improve the process, it is necessary to move to-
ward homogeneity in the reduction process. This can
be achieved by converting all the reactants into gas or
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liquid phases. In this case, there are no diffusion limi-
tations, and the reaction takes place throughout the en-
tire reaction volume, which allows for an even distribu-
tion of thermal load throughout the reactor and a sig-
nificant increase in its productivity.

To implement this idea, the work [6] proposed mag-
nesium thermite in a molten salt. The process is based
on the reduction of a molten double salt TiClz - MgClz
by liquid magnesium according to the reaction:

TiClz - MgClz + Mg = Ti + 2MgCl2 )

The feature of the process is that all the reactants
are in the liquid phase. MgCl: acts as an inert diluent-
thermostat, which protects the reaction zone from
overheating during the heat release of the reaction.

TiClz is obtained in the same reduction reactor but
in a different reaction zone by passing TiCls through
titanium powder (sponge) according to the reaction:

0,5Ti + MgCla + 0,5TiCla = TiClz - MgCla 3)

Unlike reaction (2), in reaction (3) the initial charge
mixture is heterogeneous. Reaction (3) is endothermic
and does not cause local overheating. The heat of the
reaction is supplied by the liquid MgCl.. The double salt
is the product of the titanium sponge synthesis with the
MgClz thermostat. The titanium sponge acts as a re-
ducer for TiCls to TiCl2 in the reaction:

TiCls + Ti = 2TiCl» 4)

Pieces of titanium sponge are placed in a basket
made of corrosion-resistant steel, where they surround
a tube for the supply of TiCls. After loading a specific
amount of MgClz, the temperature in the reaction zone
rises to 850-900°C, and TiCls is blown through the tita-
nium sponge via the tube until the molar concentration
of TiClz in the double salt melt reaches 18-24%.

Figure 1 shows a diagram of the combined reactor
for the magnesium thermal reduction of TiCls in the salt
melt TiClz - MgCla.

The reduced titanium is obtained in the reduction
reactor in the form of dispersed metal droplets, which
partially combine into a sponge upon cooling. Non-
consolidated titanium droplets can be continuously re-
moved from the reactor, which is a significant ad-
vantage of the proposed method for obtaining titanium
over the traditional one.

The magnesium-thermic scheme for obtaining me-
tallic titanium by reducing the molten double salt TiCl2
- MgClz, which is mixed with liquid magnesium, has an
advantage over the Kroll process — better macrokinet-
ics of the reduction reaction, manifested in a shorter
time for filling the reactor with sponge.

However, molten magnesium and its chloride do
not form a homogeneous solution, which provokes
metal coagulation in the salt melt into large droplets
due to differences in surface tension. This leads to the
formation of interfacial boundaries and a decrease in
the volumetric productivity of the reactor.
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Figure 1 — Diagram of the combined reactor for magnesium-thermic reduction of TiCls in the molten salt mix-

ture TiClz - MgCl2

Magnesiothermal reduction in afluidized bed of
magnesium particles (TIRO process)

A new method for obtaining titanium has been de-
veloped in Australia with the aim of halving the cost of
titanium products, known as the TIRO process [7]. This
is proposed to be done in two ways: 1) replacing the
periodic Kroll method with continuous reduction of tita-
nium tetrachloride in a fluidized bed of magnesium par-
ticles; 2) producing titanium powder directly, bypassing
several expensive stages in the traditional titanium pro-
duction technology.

The TIRO process includes two stages: 1) in a re-
actor with a pseudofluidized bed, TiCls interacts with
magnesium powder, forming solid magnesium chloride
particles approximately 350 um in diameter, in which
micron-sized titanium particles are dispersed; 2) tita-
nium is extracted in the form of needles from the MgCl2

granules. Figure 2 shows the product of the process as
titanium needles mixed with MgClz granules. The re-
sulting titanium crystals can be given any shape, in-
cluding needle-like, which is optimal for producing tita-
nium rolling products. The features of the reactor's de-
sign and operating conditions are outlined in the work.

Jet sodium thermic (Armstrong process)

The Armstrong process is jet sodium thermic,
where a continuous process of reduction of gaseous
TiClsa by liquid sodium takes place, followed by leach-
ing of sodium chloride (NaCl) that forms, from the tita-
nium powder by the reaction:

TiCls + 4Na = Ti +4NaCl 5)

The technological diagram of the Armstrong pro-
cess is shown in Figure 3 [8].
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Figure 3 — Diagram of the Armstrong process for obtaining titanium powder

Liquid sodium flows through the chamber. TiCls va-
pors are injected into the sodium through a nozzle. The
reduction reaction begins immediately after the nozzle.
The resulting titanium powder is carried out of the
chamber by the liquid sodium. The NaCl salt is sepa-
rated from the titanium by aqueous leaching. The initial
reduction of several metal chlorides allows the produc-
tion of almost any required alloy. The titanium powders
and its alloys obtained in the Armstrong process are
subjected to hot vacuum pressing and wave rolling to
produce large sheets. The cost of titanium powder is
5-10 times lower than the cost of powder obtained by
the Kroll process.

The products of the process — Ti, Na, NaCl are sep-
arated by filtration, distillation, and washing. A disad-
vantage of the Armstrong process is the use of expen-
sive liquid sodium. Returning sodium and chlorine to
the technological process requires the use of NaCl
electrolysis in a melt and demands high energy costs
and complex equipment design.

Vapor-phase process of titanium production

The goal of the vapor-phase process is the contin-
uous production of titanium powder in the gas phase
using magnesium or sodium vapor. Titanium tetrachlo-
ride and the metal reducer interact in the gas phase at
high speed at 850°C.

The separation of the produced powder from MgCl2
is accompanied by significant difficulties, and the solu-
tion in titanium has an unacceptably high level of impu-
rities — oxygen. This is because, at the specified tem-
perature, magnesium chloride has a low vapor pres-
sure, condenses on the surface of the forming titanium
particles, and prevents their further growth. Due to the
high dispersion of the powder, the salt process is used
for sodium thermite. The molten salt serves as an inert
ballast medium.

Ballasting the reaction mixture (TiCls + Na) with salt
allows for better control of the reduction reaction. Dur-
ing mixing, the reagents in the solution are homoge-
nized. In this process, the growth of titanium particles
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is not hindered as long as they remain within the reac-
tion zone. Intensive mixing prevents small particles
from falling out of the reactive zone and allows only
large particles to be removed.

CONCLUSIONS AND RECOMMENDATIONS

The current global production of metallic titanium is
based on the production of titanium sponge using the
Kroll method. The process consists of the metal-ther-
mic reduction of titanium tetrachloride with liquid mag-
nesium, followed by purification of the resulting tita-
nium sponge through electric arc remelting.

The Kroll method has the following disadvantages:

The process is periodic with a dosed loading of
components;

Low reaction kinetics of magnesium thermite;

The use of expensive rutile or titanium slag to ob-
tain TiCls;

The need to regenerate magnesium and chlorine
from the process products through the electrolysis of
molten salts;

Vacuum separation or acid leaching of the titanium
sponge is required to remove residual oxygen in the
titanium ingots.

New metal-thermic titanium production processes
include magnesium thermite in molten salts, magne-
sium thermite in a fluidized bed of magnesium parti-
cles, and jet sodium thermite.

Magnesium thermite in molten salts is proposed for
obtaining metallic titanium by reducing a double salt
melt of TiClz - MgClz with liquid magnesium. Unlike the
Kroll process, where TiCu vapor is introduced to the
surface of liquid magnesium, in the proposed process,
all reactants are in the liquid phase.

MgCl2 acts as an inert diluent, protecting the reac-
tion zone from overheating. TiClz is obtained by pass-
ing TiCls through titanium powder (sponge) until the
molar concentration of TiCls in the double salt melt
reaches 18-24%. This reaction is endothermic.

The steel reduction reactor can be used in two var-
iants: the double salt is introduced into the molten
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magnesium, and magnesium granules are introduced
into the slurry melt. Titanium sponge forms in about 30
minutes, filling the reactor. Unbound titanium patrticles
can be continuously removed from the reactor.

Magnesium thermite in a fluidized bed of magne-
sium particles (TIRO process) produces titanium em-
bedded in MgCl> granules. This eliminates the for-
mation of titanium sponge. The resulting titanium crys-
tals can be given any shape, including needle-like,
which is optimal for titanium rolling.

JIleopis i NPaKMUKg Memarypeii

The Armstrong process is a jet sodium thermite pro-
cess, where continuous reduction of gaseous titanium
tetrachloride (TiCls) with liquid sodium takes place, fol-
lowed by leaching of the formed sodium chloride from
the titanium powder.

The vapor (salt) process is sodium-thermic, where
a salt melt (TiCls + Na) is used as an inert ballast me-
dium, allowing better control of the reduction reaction.
Intensive mixing removes only large particles from the
melt.
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Adjusting properties of electrode pitch with fractions of coal tar

The paper presents the investigation results of the organic mass modification of the impregnating pitch of coal tar with low
pyrolysis degree. The processes that form the pitch operational properties in the impregnation technology of graphitized
electrodes were studied. Specific features of the modifying additive effect on the quality characteristics of the pitch and its
group composition were established. Such technological approach makes it possible to intensify the impregnation process

of blanks for graphitized electrodes.

Keywords: impregnating pitch phenolic fraction, modification, group composition, low-pyrolyzed coal tar.

1. Introduction

The graphitized electrodes are carbonaceous cur-
rent-carrying elements for electric arc furnaces. The
production of dense electrodes significantly improves
their operational conditions and increases the tech-
nical and economic parameters of the process. The im-
pregnation of electrode products with organic sub-
stances essentially affects the reduction of the total po-
rosity and the redistribution of the pore volume accord-
ing their equivalent radii.

The processes occurring at the boundary of the
solid and liquid phases play an important role in the
impregnation process of graphitized electrodes. It has
been established [1] that the impregnation volumetric
rate, calculated according to Darcy’s law, is inversely
proportional to the viscosity of the impregnating pitch.
The correctness of the macrokinetic impregnation
model chosen by the authors was confirmed by exper-
iments [2].

The theory of the impregnating pitch (impregnate)
motion in porous media due to capillary absorption is
rather widely discussed in the literature [3, 4]. In this
connection the purpose of the research was to improve
the performance characteristics of the impregnating
pitch using a phenolic fraction of low-pyrolyzed coal
tar.

The values of fluidity and viscosity of the pitch are
directly proportional to the temperature and group
composition, and even a small difference in the frac-
tions ratio leads to the significant changes in the im-
pregnate penetration into the pores of the graphitized
billet [5].

One of the most important parameters of impreg-
nating pitch properties is ai-fraction (substances insol-
uble in quinoline), which affects the rheological proper-
ties of the system, and, consequently, its applicability
to be an impregnate. Moreover, a significant content of
substances insoluble in quinoline (~6 %) causes ad-
sorption of some high-molecular components of the
pitch on the billet surface in the form of 1-5 mm layer
[6]. This explains the severe restrictions relative to the
“‘mass fraction of insoluble substances in toluene”,
which are claimed by consumers to the impregnating
pitch. The analysis of publications allows to establish
general trends and ranges of individual quality

indicators of impregnate used for carbonaceous
materials impregnation (Table 1).

So for all the variety of quality indicators of
impregnating materials, the main one is the low content
of substances insoluble in quinoline (2-4 wt %).

A special electrode pitch - impregnate is not
produced in Ukraine as a marketable product due to
the lack of appropriate technologies. In this regard, it is
very important to develop technological methods of
high- quality impregnating pitch production, taking into
account the instability of the raw materials quality.

The phenolic fraction of the coal tar was used as a
modifying additive due to the significant amount of phe-
nols, which take part in the formation of complex mo-
lecular complexes - azeotropic compounds. A molecu-
lar azeotropic complex is a mixture of two or more lig-
uids the composition of which does not change while
boiling. It is a good plasticizer which cannot be sepa-
rated by thermal fractionation.

2. Experimental

Impregnating pitch with 4 wt % of insoluble in quin-
oline compounds was used as an initial raw material
(Table 2).

Peck was heat-treated at 403-413 K, and then the
phenolic fraction of coal tar preheated to 333 K (Table
3) was added; after stirring for 30-40 min the mixture
was cooled to 293 K.

When choosing the additive to the initial pitch, its
operational characteristics, namely the softening tem-
perature (Tsoft) and flash point (Tr) were taken into ac-
count. The assessment was carried out in accordance
with the requirements of PJSC “Ukrainian Graphite”.
The obtained results were processed by the simplex-
lattice planing method [7].

The following stages were used to prepare elec-
trode billets:

Preparation of charge (composition, wt %): calcined
petroleum coke 50; calcined oil shale coke 27-30; nee-
dle coke 13-20.

Mixing of cokes with a binder pitch: a preheated
mixture of cokes is mixed with a pitch melt in a mixer
at 393-413 K.

Billets pressing: the blank is pressed through the
die carrier and cut at the necessary length.

© Starovoyt A., Doctor of Technical Sciences, Professor, Malyi E., Doctor of Technical Sciences, Professor, Sorokin E.,
Doctor of Technical Sciences, Professo,r Starovoyt M., candidate of technical sciences, associate, Popova O. head of
laboratory, Ukrainian State University of Science and Technologies
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Billets baking: in a furnace at 1523-1723 K.

Impregnation of billets: in an autoclave for 4-5 h at
the temperature of 473 + 10 K.

Baking of impregnated billets.

Graphitization at 2273-2773 K.
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A specific electrical resistivity, bulk density, coeffi-
cient of thermal expansion, modulus of elasticity and
mechanical tensile strength were determined for the
obtained samples according to the standard proce-
dures.

Table 1
Characteristics of industrial indices of impregnating pitch
Raw material [Softening |Ignition [The content of sub-Technical indicators, %  |Viscosity Cok
temperatureftempera- |stances insoluble yield,
{Tsort), K [ture in %
(Tign), K [toluene, [quino- ash \volatiles |sulphur dy- specific
wt % line,wt % [content |yield content |namic,
mPas
Impregnating [333-338 <483 =17 <4.0 <0.3 [£68 <05 150 50 250
pitch
Table 2
Characteristics of the initial coal tar pitch for impregnation
Indicators \Values
Softening temperature, K 338
\Volatiles yield, % 64
Ash content, % 0.3
Mass fraction of substances insoluble in:
toluene, wt % 24
quinoline, wt % 4

Table 3

Composition of two samples of phenolic fraction of low-pyrolyzed coal tar

Fraction composition Mass fraction, wt %
Phenol 21.9 22.1
0-Cresol 3.6 8.8
m-Cresol 11.0 12.0
p-Cresol 7.7 8.0
o-Ethylphenol 0.4 0.7
2,5-Xylenol 2.8 3.0
2,4-Xylenol, 3,5-Xylenol, 3-Ethylphenol 11.0 11.2
2,6-Xylenol 3.0 2.5
2,3-Xylenol 0.9 0.9
2,3,5-; 2,4,5-; 2,4,6-Trimethylphenols 1.5 1.7
a-Naphthol 1.0 0.9
-Naphthol 0.5 1.0
Unidentified 29.7 27.1

3. Results and Discussion

The components content (wt %) in the mixtures was
varied: pitch - from 94 to 98, FF (phenolic fraction of
low-pyrolyzed coal tar) - from 2 to 6 and F (phenol) -
the rest. The artificial variables were introduced, as
shown in Table 4.

The matrix of the simplex-lattice plan of the second
order is shown in Table 5. The matrix contains the code
values of pseudofactors X1 X2 and Xa.

After the implementation of the plan (Figs. 1 and 2),
the following polynomial relationships were estab-
lished:

Y (Teo) = 113.33X1 + 113.33X2 + 73.5 — 36X1X2 - 24.33X1X3 + 1.33X2X3 1)
Y(T7) = 214.33X1 + 211.33X2 + 203.5 - 6X1X2 - 0.66X1X3 + 8X2X3 )
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Based on the obtained models, it can be expected
that the phenolic fraction in the amount of 2-6 %, re-
duces the softening temperature of the impregnating
pitch but does not change its flash point. However, with
an increase of the additive content in the impregnate
up to 8 % or higher we observed significant changes.
The process is accompanied by low-molecular, light-
boiling components which action can be considered as
a positive one until the conditions for the fractions ther-
mochemical transformations are created in the pitch.

Table 4
Pseudocomponents of the system

o %% ¢ ISSN 1028-2335 Nel, 2025

The analysis of the obtained modified impregnating
pitch showed (Table 6) that the contents of ash, sulfur
and moisture of the pitch do not actually change and
stay at the required level. After the pitch treatment with
4 and 6 wt % of phenolic fraction the mass fraction of
substances insoluble in toluene was 22 and 21 wt %,
respectively, and the mass fraction of substances in-
soluble in quinoline - 3.0 and 2.5 wt %, respectively.
The amount of coke residues from the impregnating
pitch and the modified one remained virtually un-
changed.

Pseudofactors Content of components in the mixtures, wt %
Pitch FF F
X1 94 6 0
X2 98 2 0
X3 94 4 2

Table 5
Conditions and results of the experiments

Design matrix Softening temperature (Tsoft), K Flash point (Ty), K
X1 X2 X3 Tsoft1 Tsoft2 Tsoft3 T Tr2 Tt
1 0 0 336 336 335 488 487 487
0 1 0 338 338 337 485 483 485
0 0 1 326 327 328 473 478 478
0.5 0.5 0 337 337 336 485 483 485
0.5 0 0.5 330 332 333 482 483 480
0 0.5 0.5 331 332 333 483 482 482
1|3 13 1|3 334 334 333 481 483 481

Fig. 1. Mathemati“cal model of the impregnat-
ing pitch flash point dependence on FF mass
fraction

x1

Fig. 2. Mathematical model of the of the im-
pregnating pitch softening temperature depend-
ence on the FF mass fraction

Table 6
Impregnate quality indices
Raw material Coke resi-Dynamic viscosity at 433[Technical indices,% Content of substances
due, K (Brookfield method), insoluble in
wt % mPas ash \volatiles  |sulphur toluene, |quinoline,
content ield content wt % wt %
Impregnating pitch 53 108 0.1 65 0.5 24 4.0
Impregnating pitch + 4 wt/52 65 0.1 65 0.5 22 3.0
% of phenolic fraction
Impregnating pitch + 6 wtj52 60 0.1 66 0.5 21 2.5
% of phenolic fraction
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Fig. 3. Photos of twoelectrode billets with a diameter of 400 mm impregnated with a modified pitch

Physico-chemical properties of electrode billets with a diameter of 400 mm impregnated

with a modified pitch

Indices
Electrode Modulus of elas-|Coefficient of thermalBulk density,|Specific electricalMechanical tensile
billets ticity, MPa expansion, K1 g/cm?3 resistance, strength, MPa
Ohmmm?/m
Initial 65 3.2 - 10°3 1560 8.0 4.7
Investigated |66 3.0 - 10 1600 7.5 5.0

To clarify the change in the fractional composition
of the impregnating pitch, we additionally estimate the
y- fraction of the impregnate, which was 37.7 wt % in
the initial pitch; 39.0 wt % in the pitch modified with 4
wt % of FF and 40.5 wt % in the pitch modified with 6
wt % of FF. The given and previously obtained data [8]
reveal that during modification the phenolic fraction
plays the role of an auto-plasticizer. It means that the
process is accompanied by the formation of azeotropic
complex compounds providing a plastic and highly
elastic state the impregnating pitch. This, in turn, pro-
motes a better penetration of the pitch into the billet
pores (Fig. 3).

Due to the use of phenolic fraction of low- pyrolyzed
coal tar as a modifier, redistribution of the group com-
ponents of the modified pitch occurs (Table 6), which
contributes to a change in the physico-chemical prop-
erties of the obtained billets (Table 7). During impreg-
nation with a modified pitch, its sticking on the billet sur-
face was not observed (Fig. 3). Also, due to this tech-
nological approach, there is the possibility of repeated

application of pitch without significant impairment of
the impregnation process, which reduces its consump-
tion during the research.

4. Conclusions

Using the phenolic fraction of the low-pyrolyzed
coal tar, the dispersion of ai-fractions changes, the
share of the substances that are insoluble in quinoline
and the pitch viscosity decreases, which is in agree-
ment with the literature data. After the destruction of
the pitch structure, the mass fractions of y- and a-frac-
tions have the predominant influence. Thus, the phe-
nolic fraction of coal tar can be used in industrial con-
ditions as a modifier of the electrode pitch-impregnate
during its production. The autoplasticization process
takes place with the formation of azeotropic complex
compounds, which promote the impregnating pitch to
be in a plastic and highly elastic state. This, in turn, im-
proves the pitch penetration into the billet pores and
facilitates the repeated application of the pitch as the
impregnate without a significant impairment of the im-
pregnation process.
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Roll drive mechanism with planetary gearbox for cold pilger
pipe rolling mills

Purpose. Creation and study of a roll drive mechanism with a planetary gearbox, which will ensure a reduction in axial
forces in the production of thin-walled pipes and it will expand the range of pipes obtained on cold pilger rolling mills.
Methodology. The work includes research on determining the parameters of the roll drive of cold pilger rolling mills using
the graph-analytical method of studying the kinematics of mechanisms. Results. The roll drive mechanism with a planetary
gearbox will ensure regulation of the angular speed of rotation of the rolls and a reduction in axial forces. Scientific novelty.
The influence of the geometric parameters of the roll drive on the value of the angular speed of the rolls, which ensure a
reduction in axial forces, has been determined. Practical significance. The roll drive mechanism with a planetary gearbox
allows obtaining high-quality thin-walled pipes with the possibility of expanding the range.

Introduction. The use of various methods and tech-
nologies for metal processing using plastic defor-
mation has ensured the production of a wide range of
metal products.

At the present stage of development of production
technology of thin-walled long metal products are in
greatest demand, in particular thin-walled and espe-
cially thin-walled pipes. Thin-walled cold-deformed
long pipes are the basis for further technical progress.

Analysis of published data and problem statement.
The existing mechanism for driving rolls on cold pilger
rolling mills leads to the appearance of axial forces,
which is the cause of corrugations and other defects.
When rolling thin-walled pipes, these defects are more
significant. Obtaining high-quality thin-walled pipes is
impossible without reducing the magnitude of axial
forces [1-2].

To reduce axial forces, it is proposed to use re-
placeable parts for each rolling route. Adjusting the an-
gular speed of rotation of the rolls will allow for each
range of pipes to ensure compliance between the
forced rolling radius and the natural one [1-5].

The purpose of the development is to create and
study a mechanism for driving rolls with a planetary
gearbox, which will ensure a reduction in axial forces
in the production of thin-walled pipes and expand the
range of pipes produced on cold pilger rolling mills.

Materials and methods. A mechanism for driving
rolls of cold pilger rolling mills with a planetary gearbox
is proposed. The kinematic diagram of this roll drive is
shown in Fig.1.

Wheel 10 is driven by an electric motor. Wheel 8,
which is engaged with wheel 10, rotates. Wheel 7
drives connecting rod 5, which is fixed to the roller. The
electric motor for driving the working stand rotates
crank 2.

To determine the number of degrees of mobility of
the mechanism, a structural diagram was constructed
(Fig. 2). The structural diagram indicates the links of
the mechanism consisting of the working stand mech-
anism and the roller drive. Crank 1 and wheel 10 are
driving, therefore they are indicated by solid lines.
Other links have the form of various geometric figures

with corners in the form of a circle. For example, a sta-
tionary frame contains four vertices. The first circle
(from left to right) means the connection of the frame
with the gear wheel 10 using a rotational kinematic pair
of the first kind (fifth class), the second - the connection
with the carrier 9 using a kinematic pair of the fifth
class, the third - with the gear wheel 7 (pair of the 5th
class), the fourth - the connection with the working
stand 4 (pair of the 5th class), the fifth - the connection
with the crank of the roller drive 2. The class of the pair
indicates the number of connection conditions that are
determined by it. That is, a pair of the fifth class pro-
vides one degree of mobility. The working cage 4 con-
tains four vertices. The first circle (from left to right)
connects the working cage with the connecting rod 5,
the second - connects with the roller 6, the third - con-
nects with the fixed frame 1, the fourth - with the con-
necting rod 3. All kinematic pairs that connect the work-
ing cage with other links are of the fifth class and pro-
vide one degree of mobility. The crank 2 is connected
by means of kinematic pairs of the fifth class with the
fixed frame 1 and the connecting rod 3. The connecting
rod 5 is connected by only two kinematic pairs of the
fifth class with the working cage 4, the wheel 7 and by
means of a kinematic pair of the fourth class with the
roller (one link with a gear wheel) 6.

On the upper and lower rollers there are synchro-
nizing gears. The lower roller forms one link with the
synchronizing gear (the link is designated by the num-
ber 6 and conventionally called the roller). The upper
roller forms one link with the synchronizing gear and
the connecting rod (the link is shown by the number 5
and it is called the connecting rod). The roller 6 and the
working stand 4 are interconnected by a kinematic pair
of the fifth class. The wheel 10 is connected to the
frame using a kinematic pair of the fifth class, and to
the wheel 8 using a gear pair of the fourth class. The
wheel 8 is connected to the carrier 5 using a kinematic
pair of the fifth class, and to the wheel 7 using a pair of
the fourth class. The wheel 7 is connected to the frame
using a kinematic pair of the fifth class, and to the
wheel 8 using a pair of the fourth class.

© Danchenko V.M., Doctor of Technical Sciences, Professor Dobrov I.V., Doctor of Technical Sciences Semichev A.V. .,
candidate of technical sciences, associate, Ukrainian State University of Science and Technologies
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Fig. 1. Roller drive mechanism with planetary\gearbox: 1 - fixed frame; 2 - crank drive of the working stand; 3
- connecting rod; 4 - working stand; 5 - connecting rod, upper roller, gear wheel (one link); 6 - roller; 7, 8, 10 -

gears; 9 - carrier
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Fig. 2. Structural diagram of the roller drive mechanism with planetary gearbox

Using the structural diagram, the number of kine-
matic pairs and their class, as well as the number of
links, were obtained. The number of degrees of

W=3n-1)—2p,—p,=3-10-2-11-3 =2

where n - total number of mechanism links; p; -
number of single-moving links of the mechanism, p; -
number of two-moving links of the mechanism.

The number of mobility degrees corresponds to the
number of engines (one for the stand drive, the other
for the roll drive). This will provide the ability to adjust
the angular speed of the roll depending on the rolling
route.

So, it is possible to formulate requirements for the
drive of the rolls of cold pilger rolling mills. The drive

)

mobility of the mechanism (consists of the working
stand drive mechanism and the roll drive mechanism)

[1]:
@)

mechanism must provide the required angle of rotation
of the roll, and the angular speed must change accord-
ing to the law that ensures the maximum reduction of
axial forces.

Using kinematic analysis, it is shown the change in
the angle of rotation of the rolls depending on the time
of rotation of the crank of the working stand drive (Fig.
4).

N

0 0,2 0,4

06 08 1.

Fig. 4. Change in the angle of rotation of the roll depending on the time of rotation of the crank drive of the

working stand
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The simulation shows that the nature of the change
in torque on the electric motor shaft corresponds to the
change in torque on the roll.

It is also important that the direction of rotation of
the rotor of the gear drive motor 10 does not change
when the direction of movement of the working cage
changes. This has a positive effect on the efficiency of
the mechanism.

Conclusions
1. A roller drive mechanism with a planetary gear-
box has been developed. Based on the structural

o %% ¢ ISSN 1028-2335 Nel, 2025

analysis of the mechanisms, it was shown that this
mechanism can work.

2. A separate roller drive mechanism with a plane-
tary gearbox allows you to adjust the speed of rotation
of the rollers regardless of the speed of the working
stand. The parameters of this drive can be determined
using kinematic analysis.

3. The roller drive mechanism with a planetary
gearbox will provide adjustment of the angular speed
of rotation of the rollers and reduce axial forces. This
will allow you to obtain high-quality thin-walled pipes
with the possibility of expanding the range of pipes pro-
duced by these mills.
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Taran 0., Ovcharuk A., Maliy E.
Research into the possibility of producing ferrosilicoaluminum from
recycled materials

The technology of electrothermal production of ferrosilicoaluminum using recyclable material from abrasive production
has been developed, studied and tested in laboratory and semi-industrial conditions. The following were used as burden
components: "old charge" from silicon carbide production, sludge from abrasive electrocorundum and silicon carbide,
magnetic fraction from electrocorundum production and gas coal. As a result, an alloy containing 61-69% Al+Si was

obtained.

Being one of the most effective deoxidizers, alumi-
num is widely used in steelmaking for final metal deox-
idation. [1] Aluminum is used in the form of ingots of
pure or secondary metal. In the first case, the high cost
of the deoxidizer significantly affects the cost of pro-
duction, and in the second case, a considerable
amount of non-ferrous metal impurities (Zn, Sn, Cu,
Pb, As) gets into the steel, ultimately worsening its
quality [2]. In addition, when added into steel, 70-90%
of aluminum is oxidized under the influence of air and
slag, and the amount that gets into the metal and per-
forms its direct function is difficult to predict. Despite
the disadvantages, it is not advisable to reject alumi-
num for a number of reasons, so research aimed at
replacing primary and secondary aluminum with its al-
loys with other elements is becoming relevant. Per-
forming steel finishing operations using complex deox-
idizers allows reducing their consumption, improving
the kinetics of deoxidation, reducing heat consumption
for their dissolution, and improving the quality of the
processed metal [3]. The most universal and promising
in this regard may be a complex deoxidizer — ferrosili-
coaluminum (FeSiAl).

Ferrosilicoaluminum can be produced in industrial
guantities in two ways: by mixing and by joint reduction
of aluminum and silicon oxides with carbon in ore-re-
ducing furnaces [1]. Although the mixing method al-
lows for the production of complex alloys of complex
composition, it is not economically viable due to the
high loss of elements. In addition, the problem of using
metallic aluminum remains.

In light of the above, the most promising appears to
be the electrothermal technology for the production of
complex aluminum and aluminume-silicon ferroalloys,
developed and improved by the Department of Elec-
trometallurgy of the Dnipro Metallurgical Institute over
many years.

Raw materials

Al203
32-37

SiO2
15-20

Fe20s3
8-10

TiO2
1-2

Dust particle size is less than 160 mkm.
During the processing melted abrasive electroco-
rundum into grinding materials after a whole complex

40-42

Despite the obvious advantages, this technology is
not well developed in Ukraine. The main reason for that
is the lack of a reliable raw material base. In Kazakh-
stan, for instance, the production of FeSIiAl is actively
expanding [4] due to the use of high-ash coals from the
Ekibastuz deposit, which are practically a ready-made
mono-charge for production of FeSiAl [5].

Studies of the domestic mineral resource base has
shown that aluminosilicate rocks can be used as the
ore part of the burden charge for the electrothermal
production of ferrosilicon aluminum: bauxites, clays,
primary and secondary kaolins, kyanites, sillimanites,
etc. The existing deposits of these types of raw mate-
rials [6] are either not developed or are used for the
production of electrolytic aluminum, electrocorundum,
refractories, ceramics, etc.

The most promising natural raw material for smelt-
ing FeAl and FeSiAl in Ukraine is bauxite. The largest
deposit in Ukraine is Vysokopolske, represented by
gibbsite bauxites (33—45% Al203, 5-9% SiOz, 26—32%
Fe20s, 1.9-2.3% TiO2, 0.1-0.18 CaO), explored re-
serves are 19 million tons. [7] Vysokopolske bauxite
has low content of Al2Os, low silicon and calcium mod-
ules, so domestic producers do not use it directly for
obtaining alumina, especially when there is an oppor-
tunity to purchase high-quality ores abroad. At the
same time, there are no restrictions on the use of this
raw material for the production of complex ferroalloys.
At the same time, studies were conducted on the pos-
sibility of production ferrosilicoaluminum from pre-ag-
glomerated Vysokopolski bauxite [8], but this technol-
ogy did not receive further development in our country.

To solve the problem of raw material shortage, the
possibility of using man-made secondary materials
from abrasive production containing compounds of
aluminum, silicon and carbon was considered.

During production of abrasive electrocorundum,
electrofilters and a mechanical cleaning system cap-
ture dust of following chemical composition, %:

K20 NazO CaO
3-4 1-1,5 0,15-0,30

of technological operations (crushing, wet grinding, de-
hydration, drying) it undergoes primary magnetic en-
richment. The magnetic material removed from the
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technological scheme is represented by a conglomer-
ate consisting of associated low-silicon ferrosilicon and
abrasive electrocorundum. The content of each mate-
rial depends on the technology conditions, the selected
crushing scheme and can vary significantly: the
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content of corundum, for example, can vary from 50 to
70%. The most probable composition of the magnetic
material is presented in Table 1.

Table 1 — Fractional and chemical composition of magnetic material of electrocorundum production

Size, mcm/%

1250 1000 800 630 500 400 315 250 200 160 -160
12,2 8,0 12,5 9,0 12,0 7,0 9,0 7,0 6,1 7,4 9,8
Composition, %mac.

Al>O3 SiO2 Fe>0O3 TiO2 Al Ti Si Fe C

51,4 0,6 0,5 3,1 0,4 0,6 5,1 34,9 0,7

In the production of silicon carbide grinding materi-
als, wet grinding of the original piece in ball mills pro-
duces sludge containing at least 80% SiC, about 5%
free carbon, up to 14% SiO2 and 2—-3% Fe. In the same
production, the so-called "old charge" that is regularly
removed from the process flow chart, containing up to
20% SiC, about 50% SiO2, more than 25% C and 3—
4% Fe203, 1.5-2.0% Al203, up to 1% CaO, which are
harmful to abrasive production. In winter, the sludge
generated during the production of grinding materials
from abrasive electrocorundum and silicon carbide is
mixed during transportation to filter treatment facilities
and has the following composition: 50-58% Al2O3, 4—
5% Fe203, 20-25% SiO2, 5-6% SiC, 5-6% C.

SiO2 + 2SiC = 3[Si] + 2CO, AGOY% =823796 — 320,83T;

AGCr = 689818 — 353,91T,;

AG%r = 723814 — 171,57T,;
AGCr = 1346643 — 542,02T.

SiO2 + 2C = [Si] + 2CO,
AlL,Os + SIiC = 2[Al] + SiO2 + CO,
Al,Os + 3C = 2[Al] + 3CO,

The listed materials are mainly represented by ele-
ments which are required for FeSiAl (Si, Al, Fe, C) with
a small amount of impurities (Ca, Ti), which do not
pose a danger to the finished alloy. This confirms the
possibility of their involvement in production.

Silicon carbide in the composition of the bur-
den charge. Technogenic materials of abrasive pro-
duction contain silicon carbide in significant quantities.
Being a complex reducing agent, this compound is ca-
pable of having a noticeable positive effect on the pro-
duction of FeSiAl. The reduction of silicon and alumi-
num oxides by silicon carbide and carbon occurs ac-
cording to the reactions:

)
)
®3)
(4)

The reactions proceed with the absorption of heat, and the specific heat consumption per unit of silicon and

aluminum is:

1 2 3 4
2746 689,8 3619 673,3
9,81 24,64 13,40 24,94

kJ/mole Si(Al)
MJ/kg Si(Al)

As can be seen from the calculations, in the case of
using SiC as a reducing agent instead of carbon, a re-
duction in heat consumption is expected for reducing
silicon by 2.5 times, and aluminum by 1.8 times. Thus,
using silicon carbide as a reducing agent can signifi-
cantly reduce energy consumption for smelting ferro-
silicon aluminum. Metallurgical silicon carbide itself is
a very valuable and expensive material, which once
again indicates the feasibility of its use in the composi-
tion of technogenic raw materials for abrasive produc-
tion, which in its current form is not used in industry.

Experimental production of FeSiAl. In order to
develop a rational technology for producing FeSiAl, ex-
perimental production was carried out in a Tamman
furnace using various combinations of burden materi-
als. The characteristics of the initial raw materials are
given in Table 2. The burden charge under study was
heated at the same rate, while the temperature and
mass of the burden charge were recorded. Each com-
position was heated to 1800°C. Based on the lost
mass, the degree of reduction of a particular burden
charge was calculated. The results of the experimental
smelting are given in Table 3.

Table 2 — Chemical composition of burden materials for the production of FeSiAl

Material Compositior_l, % ' . _
Al203 SiO2 Fe203 TiO2 CaO Si Fe SiC Cc rnn
Bauxite 38,4 4,7 32,4 35 - - - - - 21
Quartzite 0,52 97,5 0,63 - 0,9 - - - - -
Anthracite 1,329 2,528 | 0,475 - 0,147 | - - - 95 -
Sludge from the abrasive 56,82 1.9 44 157 | - _ _ 2551 |84 _
production
SiC “old charge” 2,7 50,57 | 2,6 - - - 0,03 | 214 22 -
Electrocorundum 541 |06 |05 31 |- 51 [349 |- 07 |-
magnetic fraction
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Table 3 — Experimental results
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Mokasatens Lvxra

1 2 3
Charge composition, %
Bauxite 44,3 - 47,75
Quartzite 36,25 - -
Anthracite 19,45 - 2,55
Sludge - 10 -
SiC “old charge” - 55 49,7
magnetic fraction - 35 -
Duration, min 25 28 27
g/lass of the metal (calculated), 13,35 20,53 16,55
Mass of the metal (real), g 9,31 19,57 13,49
Metal reduction degree, % 69,74 95,32 81,51
Metal composition, %:
Al 14,97 17,12 12,13
Si 28,65 45,97 42,47
Ti 1,07 1,18 0,83
Al+Si 43,62 63,09 54,6

The degree of reduction of burden containing sec-
ondary materials turned out to be significantly higher,
which is due to the presence of both already reduced
metallic phases and a complex reducing agent — silicon
carbide. This raw material is of considerable interest
and is currently widely used in metallurgical and
foundry production. The study of the physicochemical
and metallurgical properties of silicon carbide materials
as reducing agents, especially in electrometallurgy of
ferroalloys, is an urgent task for increasing the effi-
ciency of production.

Experimental studies of FeSiAl production us-
ing silicon carbide as a reducing agent

Table 5 — Experiments performance

The alloy was produced in a laboratory electric fur-
nace with a capacity of 250 kVA and electrodes with a
diameter of 100 mm. The furnace bath had a diameter
of 450 mm and a depth of 240 mm. The production was
carried out at a voltage level of 49 V and a current of
1-2 kA. 37 experiments were completed and, in total,
399 kg of alloy were produced for the series. The
FeSiAl production process was assessed based on 10
experiments (No. 10-19), during which there were
minimal violations of the process mode. Based on the
results of these experiments, the furnace productivity,
specific energy consumption and other process indica-
tors were calculated. The results of the experiments
are presented in Table 5.

. Metal mass, | Energy of at- | Ener er | Productivity,
Ne Duration, hours | Charge, kg kg temp?,ykW-h fon, I?V)<Ih /tp kg/h ty
10 1,58 50 11,0 64 5818 6,96
11 1,33 50 10,5 56 5333 7,89
12 1,48 50 7,2 52 7222 4,86
13 1,70 50 6,3 56 8889 3,71
14 2,08 50 16,5 83,2 5042 7,93
15 2,08 50 10,5 67,2 6400 5,05
16 1,92 50 15,0 65,6 4373 7,81
17 1,92 50 14,0 68,8 4914 7,29
18 2,00 50 12,1 72 5950 6,05
19 2,13 50 15,0 84 5600 7,04
Average 1,82 50 11,81 66,9 5954 6,49

During the entire series of experiments, no adjust-
ment of the charge was made. 50 kg of briquetted
charge was loaded into the furnace, and the process
duration, on average, did not exceed two hours.

With a constant amount of the charge loaded for the
experiment, there was a deviation of the average
hourly power consumption from the average value for
the company (from 32.3 to 40.5 kW-h, with an average
value of 36.82 kW-h). Such furnace operation also af-
fected other indicators: the furnace productivity fluctu-
ated from 3.71 kg/h to 7.93 kg/h, the specific power
consumption from 4914 to 8889 kW-h/t. For the same

reason, the chemical composition of the products fluc-
tuated: the aluminum content changed from 7.92 to
15.14, and silicon from 58.77 to 51.42% (Table 6). At
the same time, the sum of aluminum and silicon in the
alloy fluctuated insignificantly. The indicated instability
of the average hourly power output is caused mainly
by the design feature of the furnace unit: different dis-
tances between the electrodes, imperfections of the
taphole unit (due to which the taphole opening time
was unjustifiably increased), weak contact of the
graphite electrode in the electrode holder, led to elec-
trode slippage and forced downtime.
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The process was almost slag-free, the aluminum
and silicon content were very close to the calculated

Table 6 — Chemical composition of products
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ones. In some experiments, the aluminum extraction
was 79.5%, and silicon 71%.

Ne Al Si Fe Ca C P S Al+Si
10 11,97 53,13 34,31 0,21 0,34 0,044 0,026 65,10
11 13,69 55,24 30,27 0,41 0,35 0,044 0,004 68,93
12 12,03 56,97 30,42 0,21 0,33 0,032 0,003 69,00
13 10,82 58,03 30,71 0,21 0,19 0,027 0,002 68,85
14 7,92 58,77 32,77 0,21 0,25 0,046 0,016 66,69
15 10,03 56,72 32,62 0,11 0,38 0,039 0,102 66,75
16 1067 50,09 38,63 0,11 0,40 0,035 0,037 60,76
17 10,38 51,48 37,67 0,11 0,29 0,034 0,038 61,86
18 9,16 54,27 36,47 0,06 0,04 0,018 0,003 63,43
19 15,14 51,42 32,71 0,11 0,58 0,008 0,031 66,56

The consumption of briquettes was 4234 kg per ton
of alloy, including silicon carbide “old charge” — 2530
kg, abrasive electrocorundum and silicon carbide
sludge — 616 kg, magnetic material — 873 kg, gas coal
— 215 kg. Energy consumption was 10860 kWhtt.

Conclusion

The technology of ferrosilicoaluminum production
with use of secondary materials from abrasive produc-
tion has been developed, studied and tested in labora-
tory and semi-industrial conditions (more than 67 hours
of continuous operation of the electric furnace). As a
result, the pilot company carried out 37 smeltings and
smelted 399 kg of alloy containing 61-69% Al + Si. The

possibility of recycling man-made raw materials that
have not yet found application and producing a com-
petitive and high-quality complex deoxidizer has been
proven. This scheme, being resource-saving, allows
solving issues related to the need for complex use of
valuable and scarce mineral raw materials in the na-
tional economy and environmental protection. The
presence of silicon carbide and metallic iron in the
charge made it possible to significantly improve the
conditions for the flow of reduction processes, which
made it possible, in comparison with the current tech-
nological schemes, to reduce the specific energy con-
sumption by 30%.
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