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Аннотация. Развитие металлургической отрасли в Санкт-Петербурге сыграло выдающуюся роль в истории мировой и отечественной науки 

и техники. Отцы-основатели отечественной металлургии Д.К. Чернов и его современники оказали столь сильное влияние на развитие 
науки о металлах, что металлургическая наука в России продолжала успешно развиваться в течение века и достигла в ХХ в. и начале 
ХХI в. впечатляющих результатов как в теоретической, так и в прикладной областях. Однако история металлургии в Санкт-Петербурге 
систематически не освещалась в научно-технической периодической печати последних лет. Публикуя данную статью в год 300-летнего 
юбилея Российской академии наук, мы освещаем актуаль ные вопросы истории, преемственности традиций и перспектив развития метал-
лургии в одном из ведущих регионов нашей страны. 

Ключевые слова: история металлургии, сталь, сплав, Санкт-Петербург, промышленные предприятия, научные школы, ведущие ученые

Для цитирования: Рудской А.И., Коджаспиров Г.Е. История и современное состояние металлургии в Санкт-Петербурге. Известия вузов. 
Черная металлургия. 2024;67(5):500–508. https://doi.org/10.17073/0368-0797-2024-5-500-508

  gkodzhaspirov@yandex.ru
Abstract. Development of the metallurgical industry in St. Petersburg played an outstanding role in the history of world and domestic science and 

technology. The founding fathers of domestic metallurgy: D.K. Chernov and his contemporaries had such a strong influence on the development 
of metal science that metallurgical science in Russia continued to develop successfully throughout the century and achieved impressive results 
in the 20th century and the beginning of the 21st century both in theoretical and in applied areas. However, the history of metallurgy in St. Peters-
burg wasn’t systematically covered in scientific and technical periodicals in recent years. Publishing this article in the year of the 300th anniversary 
of the Russian Academy of Sciences, we highlight current issues of history, continuity of traditions and prospects for the development of metallurgy 
in one of the leading regions of our country. 
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 History of enterprises in the industry

One of the first metallurgical enterprises in St. Peters-
burg and Russia are the Izhora, Kirov (formerly Putilov), 
and Obukhov plants [1 – 4]. 

The history of the Izhora Plants began in the 18th cen-
tury with a sawmill that processed timber for shipbuild-
ing. The enterprise was officially established in 1722 
by decree of Peter I, the first emperor of Russia. Since 
then, the Izhora Plants were pioneers in many areas: 
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the first steamship, the first mine sweepers, and the first 
tank [3]. It was here that the pride of Russia – the Bal-
tic Fleet – was created. By the beginning of the 21st cen-
tury, the plant’s main focus had become the production 
of equipment for the nuclear industry and oil and gas 
refining. The modernization of the enterprise transformed 
the Izhora Plants into a unique industrial cluster, where 
equipment is produced for the most complex industries. 
More than sixty power units of both Russian and foreign 
nuclear power plants operate on equipment manufactured 
in Kolpino, and over a hundred high-pressure vessels are 
in use at oil and gas refineries across the country. Today, 
the Izhora Plants are capable of producing unique units 
of any complexity. 

The Kirov Plant (formerly Putilov), founded in 1801 
as an iron foundry for casting shells, became, du ring Soviet 
times, the largest plant for tractor and special machinery 
manufacturing, with almost a full cycle of metallurgical 
production [2; 3]. In 1868, the plant was purchased from 
state ownership by engineer and mathe matician N.I. Puti-
lov, who quickly organized the rolling of rails, which were 
of better quality compared to the English and Belgian 
ones. In 1868, the plant was purchased from the treasury 
by engineer and mathematician N.I. Putilov, who quickly 
organized the rolling of rails, which were of better qua-
lity compared to English and Belgian ones. The plant 
produced locomotives, wagons, dredgers, tool steels, and 
the famous 76-mm regimental gun. Already at that time, 
Russian engineers were conducting serious scientific 
research and developing original designs. The chemical 
and metallographic laboratories played an outstanding 
role in the creation of new steel grades and in improving 
technology. Famous metallurgists such as A.A. Rzhesho-
tarsky, N.I. Belyaev, N.T. Gudtsov, and others worked 
here, developing the theory of steel alloying. There were 
no automobile factories in Leningrad (St. Petersburg). 
Tractors “Kirovets” were produced at the Kirov Plant. 
The plant had and still has a metallurgical production faci-
lity (now JSC Metallurgical Works “Petrostal”), including 
steel production, rolling mills (billet and section), for-
ging and stamping production, thermal treatment work-
shops, and a well-equipped central factory laboratory 
with highly qualified personnel (highly skilled engineers, 
doctors, and candidates of sciences). One of the foun-
ders of this laboratory was Academician N.T. Gudtsov, 
who worked at the Putilov (later Kirov) Plant from 1913 
to 1928 as its head. During this period, under his leader-
ship, the structure and properties, as well as the heat treat-
ment regimes, of special structural and tool steels were 
analyzed [2 – 4]. During the war, N.T. Gudtsov led work 
on the creation of special steels for the defense industry, 
and the Kirov Plant carried out work on the creation and 
production of steels for tanks, which were also manufac-
tured there. In the post-war period, the laboratory became 
a scientific-production center for mastering steels and 

alloys, as well as products made from them, for tanks, 
military shipbuilding, tractors, and other products. After 
a prolonged stagnation (in the post-Soviet period), JSC 
Metallurgical Works “Petrostal” began producing modern 
steel products and is currently in a development stage, 
manufacturing carbon and highly alloyed special steels 
and alloys, including for special purposes.

In 2019 – 2020, technical upgrades were carried out at 
the enterprise, resulting in the creation of a new metallur-
gical complex, LLC “NPO Laboratory of Special Steels 
and Alloys”, capable of producing new steel grades for 
key industries, namely: the nuclear and defense indust-
ries, medicine, shipbuilding and aerospace, instrumen-
tation, special machinery manufacturing, and electrical 
engineering.

In 2020, to produce higher-quality metallurgical pro-
ducts, the enterprise launched an electro-slag remelting 
(ESR) facility. Rolling is produced from carbon, alloyed 
structural, stainless corrosion-resistant, heat-resistant, 
and tool steels and alloys.

The Obukhov Plant was at the forefront of Russian 
steelmaking, built the first Soviet aircraft engine, and 
“turned the angel weathervane” on the spire of the Peter 
and Paul Fortress [5]. In 2020, the enterprise with its 
157-year history celebrated a special anniversary – 
200 years since the birth of its founder, metallurgist Pavel 
Obukhov. The Obukhov Plant was established on May 16, 
1863, by agreement with the Naval Ministry, but at its 
origins stood a partnership of three private individuals: 
metallurgist Pavel Obukhov, industrialist Nikolai Putilov, 
and merchant Sergey Kudryavtsev. Alexander II allocated 
part of the land of the former Imperial Alexandrovs-
kaya Manufactory, with residential buildings and struc-
tures, for the new production. The main task of the plant 
was to produce steel for manufacturing artillery guns. 
The state urgently needed to rearm the army and navy, but 
replacing obsolete bronze cannons with foreign designs 
would have been very costly for the treasury. Import sub-
stitution was required. The plant was built very quickly. 
On April 17, 1864, it produced its first 294 poods of steel, 
and on May 12, in the presence of the emperor, a blank 
for an eight-foot cannon was cast. The full launch of pro-
duction took about a year, during which time the partner-
ship had to take a loan from the Naval Ministry to pur-
chase equipment abroad, and until the debt was repaid, 
the Obukhov Steel and Gun Plant was under the control 
of this department. Obukhov steel was used to manufac-
ture not only artillery guns but also wheels, tires, and 
axles for railway cars, armor and parts of steam engines 
for ships, surgical, drafting, and locksmith tools, as well 
as barrels and magazine boxes for Berdan rifles. More-
over, Russian steel began to be sold to England and Ger-
many, as it was not inferior in quality to foreign steel but 
was several times cheaper.
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In 1886, the plant was transferred to state ownership 
with the buyout of shares from the owners. It was a profi-
table and well-equipped enterprise, consisting of five 
workshops (crucible, steelmaking, hammering, iron cas-
ting, and gun finishing), as well as a forge, laboratory, gas 
plant, and wood drying facility. Even after transitioning 
to state ownership, the plant operated on its own funds, 
allowing it to invest relatively freely in modern equip-
ment, capacity expansion, foreign trips for engineers and 
technicians, and so on. By 1913, at its 50th anniversary, 
Obukhov Plant had become one of the largest gun and 
steelmaking enterprises in Russia and Europe, a major 
competitor of the German Krupp firm and the British 
Armstrong. During this period, it produced more than 
90 % of the armament of the Russian navy and more 
than 50 % of army guns, including the legendary gun 
of the cruiser “Aurora.” By 1914, the plant employed more 
than 10,000 workers. For its employees, a stone church 
and residential houses were built, a vocational school and 
a general school were established, and a library and a hos-
pital with an outpatient clinic were organized. In Decem-
ber 1917, the Obukhov Plant stopped working, and all 
12,000 workers were laid off. After 2.5 months of inac-
tivity, the plant received its first large order in the new 
reality: the production of 1,000 “Holt” system tracked 
tractors with engines of 40 and 75 horsepower. The first 
three units were completed in 1919 and sent to the front 
for transporting large guns.

In 1921, the steel production was revived, and the fol-
lowing year, the plant received a new name – ”Bolshe-
vik,” which it bore until 1992. By November 7, 1923, 
the first Soviet aircraft engine was assembled here. 
In 1935, the “Sickle and Hammer” emblems were created 
with inlaid gemstones for the first Kremlin stars – one 
of which later adorned the spire of the Northern River 
Terminal in Moscow. In 1937, “Bolshevik” produced 
the steel frames for the glowing ruby stars.

Between 1929 and 1937, the plant participated in 
the construction of the Magnitogorsk and Kuznetsk 
metal lurgical complexes, supplying tunnel segments, 
escalators, and shield tunneling machines for the Mos-
cow Metro.

During World War II, “Bolshevik” produced more 
than 20,000 armor-piercing and high-explosive shells, 
125,000 mines, over 90,000 parts for “Katyusha” rocket 
launchers, and 11,000 parts for Maxim machine guns. 
Additionally, 30 artillery batteries were created on rail-
way platforms, and serial production of a 100-mm cali-
ber anti-tank gun was established. Around 6,000 plant 
employees went to the front. From the factory volunteers, 
a worker battalion, five partisan units, a fighter battalion, 
and a people’s militia regiment were formed. Women and 
teenagers replaced men at the machines and open-hearth 
furnaces, and veterans returned to the production lines. 
The work did not stop day or night. Despite all the hard-

ships, in just July and August 1941, as much metal was 
smelted as during the entire first half of the pre-war year. 

In the summer of 1941, part of the workers and tech-
nical specialists, along with equipment, were sent to Sta-
lingrad, then to the Urals and Siberia, where they worked 
at various enterprises in the rear. The damage inflicted 
on the plant by the war and blockade was immense. 
The repair of workshops and the restoration of produc-
tion were completed only by the end of 1948. By this 
time, the plant had mastered the production of oil pumps 
for the chemical industry and resumed the production 
of tunnel segments for the Moscow and later Leningrad 
metro systems. In 1957, the open-hearth furnaces were 
automated, making the work of steelmakers easier and 
more productive.

In the 1960s and 1970s, “Bolshevik” created launch 
systems for the “Sopka,” “Shtorm,” S-300F “Fort” anti-
aircraft and cruise missiles, as well as containers for silo-
based intercontinental ballistic missiles. The plant also 
produced equipment for nuclear reactors at the Leningrad, 
Ignalina, and Kursk nuclear power plants. In the 1980s, 
the enterprise continued to produce steel of various 
grades, cast and forged products, shafts for ships, sucker 
rod pumps for oil production, components and parts for 
nuclear power plants, and agricultural machinery. 

The plant also manufactured long-range space com-
munication antenna systems with a mirror diameter of up 
to 70 m, and in 1982, it produced ground equipment for 
the “Energia-Buran” space system. 

In 1992, seventy years after its renaming, the plant 
once again became the State Obukhov Plant (GOZ). 
Despite the difficulties experienced by industry after 
the collapse of the USSR, it continued to operate, striv-
ing to preserve its workforce and production capacities. 
In 1996, the enterprise won several international quality 
awards: the 10th Anniversary Golden European Award 
(France) and the 21st International Prize (USA). Addition-
ally, the plant received a German TUV quality certificate. 
Besides manufacturing traditional machinery products, 
the enterprise also fulfilled unique orders for St. Peters-
burg. The State Obukhov Plant chromed the spheres for 
the Pulkovo Observatory, galvanized the axes of the Rost-
ral Columns, and restored the lost technology for mak-
ing the bearings of the turning mechanism of the angel 
on the spire of the Peter and Paul Fortress. In 2002, 
the plant was incorporated into the Almaz-Antey Air 
Defense Concern, and in 2003, the Federal State Unitary 
Enterprise “State Obukhov Plant” was reorganized into 
the Open Joint-Stock Company “GOZ Obukhov Plant.” 
In 2004, by decree of the President of the Russian Fede-
ration, the plant was included in the list of the 100 most 
important strategic enterprises of the country. In 2008, 
a unique defense-industrial technopark was established 
on the basis of GOZ, uniting seven leading St. Petersburg 
enterprises of the Almaz-Antey concern.
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Today, the Obukhov Plant is one of the leading enter-
prises in Russia’s military-industrial complex. Along with 
civilian products for the nuclear power industry, ship-
building, and other sectors, the plant designs, manufac-
tures, and services various weapons systems and military 
equipment. The plant’s traditional customers are the navy, 
aviation, missile forces, and aerospace forces. Equip-
ment for missile complexes, launch and antenna systems, 
and damping systems are just part of its product range. 
The equipment designed and manufactured at the Obu-
khov Plant is successfully operated in Russia and abroad. 

In addition to the aforementioned major enterprises, 
metallurgy also developed in St. Petersburg (Leningrad) 
at other plants, including Krasny Vyborzhets (non-ferrous 
metal production), the Metal Plant, and the Turbine Blade 
Plant (now part of JSC “Power Machines”), as well as 
the steel rolling plant. The latter ceased to exist in 2007, 
but the remaining part of the plant continues to operate 
under the name LLC “Petersburg Precision Alloys Plant”, 
producing items for the energy machinery indust ry 
(manu facturing flat and round rolled products).

 History in persons

Dmitry Konstantinovich Chernov is rightfully con-
sidered the founding father of Russian metallurgy [4; 5]. 
He graduated from the St. Petersburg Technological Insti-
tute in 1858 with a silver medal and began working there. 
Dmitry Konstantinovich initially worked at the Techno-
logical Institute as a lecturer and later as a museum cura-
tor and librarian. Three years later, he became actively 
involved in the creation of the Russian Technical Society, 
which was inaugurated on May 24, 1866. D.K. Chernov’s 
entire subsequent scientific and public career was closely 
linked to this society. In 1866, he resigned from the insti-
tute and took a position as a technician in the hammer 
shop of the Obukhov Plant, eventually becoming a metal-
lurgical engineer.

A task was set before the young engineer: to iden-
tify and explain the reason for the unsatisfactory qua-
lity of some cannons compared to the superior quality 
of others, cast from the same steel grade under what were 
thought to be identical conditions at the time. Chernov 
began his work with great enthusiasm, spending sleepless 
nights in mechanical and chemical laboratories, staying by 
the furnaces late into the night, learning from experienced 
wor kers how to determine the temperature of red-hot 
steel forgings by sight. Dmitrii Konstantino vich noticed 
changes in the structure of fractured surfaces of failed 
items. He examined the fracture points using a magnify-
ing glass and a microscope and found that their structures 
were significantly different. He thus established that fine-
grained steel could withstand much higher tensile stress. 
Following this, Chernov set out to discover how steel with 
a fine-grained structure was formed. Using the method 

of rapid forging with a heavy hammer, the scien tist con-
cluded that changes in steel structure occur under the influ-
ence of temperature, and that this temperature differs for 
each steel grade. There were no pyrometers to measure 
high temperatures at that time, so the engineer learned 
to determine the temperature by the color of the steel 
blank. It turned out that if steel is cooled slowly in air, 
the gradually darkening mass of metal would suddenly 
heat up, almost as if it had ignited, before darkening 
again. No one could explain this phenomenon, nor did it 
occur during rapid cooling. The strange occurrence piqued 
the researcher’s interest. Upon examining two blanks, one 
that had passed through the “special” point and one that 
had not, it was found that the first sample did not harden 
and remained soft. This was a discovery. Dmitrii Kons-
tantinovich continued his research and found that there 
was yet another special point, corresponding to a diffe-
rent specific temperature. These points became known as 
“Chernov points” – critical temperatures at which phase 
changes occur in steel during heating and cooling in its 
solid state. In this way, “by sight”, the herald of a new 
school of metallurgy, the founder of metallography, was 
able to confirm the occurrence of phase transformations 
in steel during its crystallization.

From 1866, Chernov worked as an engineer in the ham-
mer shop of the Obukhov Steel Plant in St. Petersburg, 
and from 1884, he was employed at the Naval Techni-
cal Committee. In 1886, he also became the chief inspec-
tor of the Ministry of Railways, responsible for over-
seeing the execution of orders at metallurgical plants, 
and from 1889, he served as a professor of metallurgy 
at the Mikhailov Artillery Academy. Dmitrii Konstantino-
vich discovered the existence of phase transformations in 
steel as a result of heating or cooling in its solid state 
(1866 – 1868), and he established the critical temperatures 

Fig. 1. Dmitrii Konstantinovich Chernov 

 Рис. 1. Дмитрий Константинович Чернов
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(the so-called Chernov points) at which internal transfor-
mations occur, determining the structure and properties 
of steel. In 1879, he presented the theory of the crystal-
lization of steel ingots (dendritic steel crystals are some-
times called Chernov crystals). He thoroughly studied 
the defects in cast steel and suggested methods to combat 
them. Chernov substantiated the importance of complete 
deoxidation of steel during smelting, proposed an origi-
nal design for a furnace to convert iron ore into steel, 
and worked on producing high-quality steel gun bar-
rels, steel armor-piercing shells, and other items. Cher-
nov’s research greatly contributed to the transformation 
of metal lurgy from a craft into a theoretically grounded 
scientific discipline. 

The creators of the first scientific schools of metallur-
gists and metallographers in the post-Chernov period were 
N.S. Kurnakov (1860 – 1941), who later became an aca-
demician of the USSR Academy of Sciences and founded 
a scientific school in the field of physicochemical pro-
cesses. He chaired the Department of General Chemistry 
at the Polytechnic Institute from 1902 to 1930. Chernov’s 
students also included A.A. Baikov (1870 – 1946), later 
an academician of the USSR Academy of Sciences, and 
A.A. Rzheshotarskii (1847 – 1904). Baikov’s students, 
in turn, were metallurgists such as N.T. Gudtsov and 
N.V. Ageev (academicians of the USSR Academy of Sci-
ences), B.V. Stark (corresponding member of the USSR 
Academy of Sciences), and professors M.G. Oknov, 
M.P. Slavinskii, G.A. Kashchenko, and others. In 1902, 
A.A. Rzheshotarskii headed the Department of Metal-
lurgy at the Metallurgical Faculty (which had been part 
of the Polytechnic Institute since its founding in 1899, 
along with three other faculties: Naval Architecture, Elec-
trical Engineering, and Commerce) (now Peter the Great 
St. Petersburg Polytechnic University). 

A.A. Baikov was invited to work at this institute in 
1903 and was immediately sent abroad to prepare for 
a professorial position. Upon his return in 1904, he was 
elected associate professor of metallurgy and chemistry. 
He took on the organization of laboratories and lecturing 
on general metallurgy and metallography. However, his 
main achievement was the development of active scien-
tific research.

The industrialization of the young Soviet repub-
lic created the conditions for the establishment of new 
scientific schools. In 1930, at the Metallurgical Faculty 
of the Polytechnic Institute, which was the main train-
ing ground for specialists, two independent depart-
ments were formed from the Department of General 
Metallurgy, headed by A.A. Baikov: the Department 
of Metallography (non-degree-granting), led by Profes-
sor Mikhail Grigorievich Oknov (1930 – 1942), and 
the Department of Heat Treatment (degree-granting), 
under the leadership of Professor Nikolai Timofee-
vich Gudtsov, later an academician of the USSR Aca-
de my of Sciences (1930 – 1942). From 1912 to 1928, 
N.T. Gudtsov worked at the Putilov (later Kirov) Plant as 
the head of the central factory laboratory, and from 1924, 
he became an associate professor, and later a professor, 
at the Metallurgical Faculty of the Leningrad Polytech-
nic Institute (now Peter the Great St. Petersburg Poly-
technic University). In 1926, N.T. Gudtsov, together 
with prominent scientists of the time, G.V. Kurdyumov 
(later an academician of the USSR Academy of Sciences, 
the founder of the Soviet school of metal physicists) 
and N.Ya. Selyakov, applied X-ray analysis to the study 
of metals for the first time, making him the founder 
of the Leningrad (St. Petersburg) school of metallurgists-
metallographers-heat treaters. His research on martensite 
structure, the basics of the theory of the effect of alloy-

Fig. 2. Academician Baikov A.A. with his followers – teachers and students of the Metallurgical Faculty 
of the Leningrad Polytechnic Institute (now Peter the Great St. Petersburg Polytechnic University), 1939 

Рис. 2. Академик Байков А.А. со своими учениками – преподавателями и студентами металлургического факультета 
Ленинградского политехнического института (ныне Санкт-Петербургский политехнический университет Петра Великого), 1939 г.



Izvestiya. Ferrous Metallurgy. 2024;67(5):500–508.
Rudskoi A.I., Kodzhaspirov G.E. History and current state of metallurgy in St. Petersburg

505

ing elements on the structure and properties of steel, 
and his fundamental works: “Physical Metallography”, 
“Special Steels”, and “Metallography and Heat Treat-
ment of Steel” – are only some of N.T. Gudtsov’s major 
contributions. 

A separate page should be dedicated to the great sci-
entist Andrey Sergeevich Zav’yalov, whose 100th birth-
day was celebrated by the scientific community in 2005. 
A brilliant scientist and organizer, A.S. Zav’yalov made 
a significant mark on the history of our country and 
the Leningrad school of metallurgists. Moreover, he nur-
tured a large number of students, the most prominent 
of whom was the renowned Igor Vasil’evich Gorynin, 
academician of the Russian Academy of Sciences, who 
for many years headed the country’s largest materials sci-
ence research center – TsNII KM “Prometey” (now part 
of the Kurchatov Institute). The scientists of this insti-
tute made enormous contributions to the development 
of steels for shipbuilding and nuclear power, titanium, 
aluminum, and nickel alloys for new technologies, and 
a wide range of modern functional materials.

Let us provide some historical information, including 
the current state of this scientific center. The institute was 
founded in January 1939, based on the armor laboratory 
of the Izhora Plant. In its early years, the institute was 
tasked with creating and mastering the production of anti-
shell armor for tanks, ships, and aircraft. The armor devel-
oped by the institute and put into production was used 
to protect the globally famous T-34 medium tanks, IS and 
KV heavy “breakthrough” tanks, self-propelled artillery 
systems, and the IL-2 attack aircraft. 

In 1947, TsNII KM “Prometey” became the leading 
research institute in the field of metallurgy, metallogra-
phy, casting technology, hot plastic working, and weld-
ing for all structural metallic materials used in military 
shipbuilding, civil shipbuilding, and the production 
of various marine equipment. Starting in the late 1940s, 
the institute carried out large-scale developments to cre-
ate a series of new high-strength, cold-resistant, weld-
able hull steels for surface and submarine naval fleets that 
do not require subsequent heat treatment. These steels 
were later used to manufacture the hulls of a new gene-
ration of civilian fleet vessels (lighter carriers, icebrea-
kers, tankers, gas carriers, marine floating self-elevating 
and semi-submersible drilling rigs of the “Shelf” type, 
and unique stationary ice-resistant platforms). A series 
of Navy submarines and manned and unmanned deep-
sea vehicles were built using the high-strength, weldable 
titanium alloys developed by the institute’s specialists. 
With the onset of nuclear energy development in 1955, 
the institute began developing structural materials for 
nuclear power equipment. From 1981 to 1999, in addition 
to its traditional areas of focus, the institute also worked 
on the creation of materials for equipment used in the oil 
and gas extraction and processing industries, rail trans-

portation, the automotive industry, the agro-industrial 
complex, medicine, and other sectors. 

Today, TsNII KM “Prometey” has a strong scientific, 
technical, human, and technological capacity, as well as 
a material and technical base, allowing it to tackle comp-
lex tasks in the development of new advanced materials 
and production technologies. It is headed by a student 
of Academician I.V. Gorynin, Corresponding Member 
of the Russian Academy of Sciences A.S. Oryshchenko. 

Another major scientific center of St. Petersburg 
metallurgy is the TsNIIM (Central Research Institute 
of Materials), whose scientists have made a significant 
scientific contribution to the creation of new steels and 
alloys for defense technology. This center began its acti-
vity as the Central Scientific and Technical Laboratory 
of the Military Department (CSTL), which was estab-
lished in 1914. This laboratory was later transformed into 
Research Institute 13 and then into TsNIIM. Scientists 
and specialists at TsNIIM developed high-strength cor-
rosion-resistant weldable steels, titanium and aluminum 
alloys, and technologies for manufacturing a wide range 
of parts based on tungsten, molybdenum, ceramics, and 
heat-protective coatings capable of withstanding gas flow 
temperatures of 3000 °C and above, as well as exposure 
to thermal shock and gun steels.  

One of the leading research institutes in the field 
of power engineering in the country is NPO CKTI 
(I.I. Polzunov Scientific and Development Association on 
Research and Design of Power Equipment), which celeb-
rated its 90th anniversary several years ago. Through-
out the institute’s history, the focus of its scientists and 
specialists has been on both theoretical work (develo-
ping new calculation methods and new power machine 
schemes) and experimental work, including the creation 
of new test stands and machines. The institute developed 
new grades of heat-resistant steels and alloys, new sec-
tor-specific federal and industry regulations, and created 
new testing methods and equipment, conducting syste-
matic research on them. Additionally, experimental work 
is ongoing, including the examination of the condition 
of metal parts during their operation in the field of power 
machine strength. 

Along with the giants of Leningrad (St. Petersburg) 
mechanical engineering and metallurgy, the industry was 
represented by a series of shipbuilding plants and power 
engineering plants (turbine manufacturing, compres-
sor manufacturing, diesel engine manufacturing), where 
the metallurgical field held a significant place. In addition 
to large factory laboratories, science was deve loped in 
a number of industry-specific institutes: besides the afore-
mentioned TsNII KM “Prometey” and TsNIIM (Central 
Research Institute of Materials), there were also TsKTI 
(Central Boiler and Turbine Institute), VPTI Elektro (All-
Union Design and Engineering Institute of Electrical 
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Engineering Production Technology), VPTI Energo mash 
(All-Union Design and Technology Institute of Power 
Engineering Machinery), VNITI (All-Union Scientific 
Research Institute of Technology), and TsNIITS (Central 
Institute of Transport Construction) [6 – 8]. Analyzing 
the activities of St. Petersburg (Leningrad) metallurgists, 
it is essential to note the role of the House of Scientific 
and Technical Propaganda, which for several decades 
played a significant organizational role in conducting 
ongoing seminars in the fields of metallurgy of steel 
and alloys, physics of me tals, metallography, and plastic 
metal processing (chaired by Professors A.S. Zav’yalov, 
Yu.V. Shakhna zarov, A.M. Parshin, L.I. Vasil’ev, and 
G.E. Kodzhaspirov).

The seminars were held twice a month, and in addi-
tion, annual conferences were organized, attracting scien-
tists and manufacturers from all regions of the former 
USSR. Unfortunately, during the collapse of the USSR, 
the House of Scientific and Technical Propaganda ceased 
to exist. 

Traditionally, universities have played and continue 
to play a special role in the organization of science in our 
country. Undoubtedly, the main center is the Peter the Great 
St. Petersburg Polytechnic University (formerly the Poly-
technic Institute and Leningrad Polytechnic Institute 
named after M.I. Kalinin) [4; 9]. The polytechnic school 
of metallurgists has trained and continues to train highly 
qualified production and pedagogical specia lists not only 
for the region, but in the past for the entire former Soviet 
Union, and now for Russia, neighboring countries, and 
beyond. As mentioned at the beginning of the article, this 
school was headed by prominent scientists with worldwide 
recognition. TsNII KM “Prometey” has a special depart-
ment at SPbPU dedicated to training its personnel.

At the Kalinin Leningrad Polytechnic Institute (now 
Peter the Great St. Petersburg Polytechnic University), 

several departments were dedicated to metallurgy: cast 
iron and steel, non-ferrous metals, foundry production, 
metallography and heat treatment, metal forming, physi-
cal chemistry, analytical chemistry, and others. These 
departments were created within the foundational Faculty 
of Technology and Materials Research (FTMR), formerly 
known as the Metallurgical and Physical-Metallurgical 
Faculty. In addition to the aforementioned professors, 
significant contributions to the development of metallur-
gical research were made by professors of the Polytech-
nic: N.A. Menshutkin, N.S. Kurnakov, A.A. Rzheshotar-
skii, V.E. Grum-Grzhimailo, A.A. Baikov, M.A. Pavlov, 
F.Yu. Levinson-Lessing, V.A. Kistyakovskii, A.N. Ramm, 
P.Ya. Ageev, V.S. Smirnov, and others. In addition to the 
Polytechnic Institute (SPbPU), departments of materi-
als science existed at the Shipbuilding Institute (now 
St. Petersburg State Marine Technical University, SPbG-
MTU) and the Refrigeration Institute (now St. Petersburg 
State University of Low-Temperature and Food Technolo-
gies, SPbGUNiPT), where work was conducted on cold-
resistant steels and alloys, among others.

In 2013, the Institute of Metallurgy, Mechanical 
Engineering, and Transport was established at Peter 
the Great St. Petersburg Polytechnic University, based 
on the Fa culty of Physical Metallurgy (later the Faculty 
of Technology and Materials Research) and the Faculty 
of Mechanical Engineering. Later, it became the Insti-
tute of Mechanical Engineering, Materials, and Transport 
(IMMiT), which now implements programs for modern 
development in the fields of metallurgy and materials 
scien ce.

Since 1993, SPbPU has hosted several international 
conferences, which have become a tradition: “High-Effi-
ciency Technologies in Pre-Form Production” (St. Peters-
burg, 1993), “Plastic and Heat Treatment of Modern 
Metallic Materials” (St. Petersburg, 1995), “High Tech-

Fig. 3. Bureau of the Section of Metal Science and Heat Treatment of Leningrad House of Scientific and Technical Propaganda (LHSTP), 1982 

Рис. 3. Бюро секции металловедения и термической обработки Ленинградского Дома научно-технической пропаганды (ЛДНТП), 1982 г.
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nologies in Modern Materials Science and Engineer-
ing” (St. Petersburg, 1997), “Plastic, Heat, and Thermo-
mechanical Treatment of Modern Metallic Materials” 
(St. Petersburg, 1999), “Modern Metallic Materials and 
Technologies and Their Use in Engineering” (St. Peters-
burg, 2001, 2006, 2009, 2011, 2013, 2015, 2017), 
“Modern Achievements in the Theory and Technology 
of Metal Forming” (SPbPU, 2005, 2007), “Nanotechnol-
ogies of Functional Materials” (NFM’2010) (St. Peters-
burg, SPbPU, 2010, 2012), and “Modern Materials and 
Advanced Manufacturing Technologies” (SMPPT–2019) 
(2019, 2021, 2023). Leading scientists and specia lists in 
the fields of materials science, plastic, heat, and thermo-
mechanical treatment, powder metallurgy, and in recent 
years, the promising field of additive technologies, 
have participated in these conferences. Peter the Great 
St. Petersburg Polytechnic University is one of the lead-
ing research centers in the country in this area.

In conclusion, it should be noted that the high level 
of the St. Petersburg school of metallurgists, metallo-
graphers, and metal physicists remains strong despite 
difficult times for our science, and our scientists are in 
demand not only in our country but also abroad. The main 
scientific contributions of St. Petersburg scientists to met-
allurgy can be summarized as follows: D.K. Chernov – 
discovery of critical points; A.A. Baikov – development 
of the theory of metallurgical processes and transfor-
mations in metals and alloys, creator of one of the first 
schools of metallographers; N.T. Gudtsov – development 
of the theory of martensite structure and steel alloying, 
founder of the school of metallographers and heat treaters; 
N.V. Ageev – theory of interatomic bonds and the elec-
tronic structure of metals; M.G. Oknov – metallography 
of iron-carbon alloys; G.A. Kashchenko – development 
of metallographic analysis methods; A.S. Zav’yalov – 
development of some aspects of the theory of phase trans-
formations in iron-carbon alloys; V.I. Vladimirov – deve-
lopment of the theory of dislocations and disclinations; 
V.A. Likhachev – development of the structural-analyti-
cal theory of strength and the design of shape-memory 
alloys; A.N. Orlov – development of the theory of dis-
locations; I.V. Gorynin – development of the theoretical 
foundations for creating high-strength weldable struc-
tural materials for use in extreme conditions, creator and 
leader of the scientific school of metallographers at TsNII 
KM “Prometey” (Central Research Institute of Structural 
Materials “Prometey”); Yu.P. Solntsev – development 
of the scientific foundations for creating cold-resistant 
materials and methods for assessing resistance to brit-
tle fracture; A.M. Parshin – development of the theory 
of structural recombination of radiation defects during 
the decomposition of solid solutions (problems of radia-
tion materials science); Yu.V. Shakhnazarov – develop-
ment of the physico-technological foundations for creat-
ing martensitic-aging and tool steels [4; 9]. 

Listing the scientific contributions of each prominent 
St. Petersburg scientist currently working would take up 
too much space. Therefore, we will mention only the most 
well-known scientists to the academic community, as 
well as those who have led and continue to lead scientific 
schools: RAS Academician A.I. Rud skoi – development 
of the scientific foundations for structure formation and 
modeling of steels and a wide range of modern materi-
als during thermomechanical processing and in the field 
of powder metallurgy; RAS Corresponding Member 
A.S. Oryshchenko – development of the theoretical foun-
dations for creating new heat-resistant and heat-resistant 
alloys based on Fe – Cr – Ni, technologies for their cast 
production for high-temperature pyrolysis oil equipment, 
the creation of corrosion-resistant titanium and aluminum 
alloys and materials for the hulls of marine nuclear reac-
tors and nuclear power plants, and the creation of an origi-
nal steel with elements of nanostructuring that increases 
the power of nuclear reactors by 30 – 40 %; RAS Corre-
sponding Member V.V. Rybin – development of the scien-
tific foundations of the physics of advanced plastic deforma-
tion of crystals and the structural-kinetic concept of metal 
fracture; RAS Corresponding Member Yu.K. Petrenya – 
theoretical and technological aspects of the develop-
ment of alloys for power engineering; Professors, Doc-
tors of Technical and Physical-Mathematical Scien ces 
A.A. Popovich – development of mechanoche mical syn-
thesis of inorganic compounds, powder metallurgy, and 
additive technologies; V.I. Betechtin – development 
and advancement of the kinetic approach to the problem 
of solid body fracture; E.L. Gyulikhandanov – theory and 
techno logy of chemical-thermal treatment of steels, diffu-

Fig. 4. Participants of the Conference “Modern Metal Materials 
and Technologies – 2013” 

(from left to right: Prof. Kodzhaspirov G.E., Prof. Tsemenko V.N., 
Academician of the Russian Academy of Sciences Gorynin I.V., 

Prof. Salishchev G.A., Academician of the Russian Academy 
of Sciences Rudskoi A.I., Farmakovskii B.V., Prof. Popovich A.A.) 

Рис. 4. Участники конференции СММТ-2013 
(слева направо: проф. Коджаспиров Г.Е., проф. Цеменко В.Н., 

академик РАН Горынин И.В., проф. Салищев Г.А., академик РАН 
Рудской А.И., Фармаковский Б.В., проф. Попович А.А.)
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sion processes in metals; G.E. Kodzhaspirov – structural 
transformations in deformed steels and alloys, physico-
technological foundations of non-isothermal thermome-
chanical treatment; N.G. Kolbasnikov – mechanisms 
of deformation and strengthening of low-plastic metals 
and the creation of the entropic concept of strength and 
plasticity. 

Undoubtedly, not all St. Petersburg metallurgists who 
contributed to the development of domestic and world 
metallurgy are mentioned here, and we ask for the under-
standing of our colleagues who were not included in this 
list due to the brevity of this presentation.
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Аннотация. Порошковая металлургия высокоэнтропийных сплавов привлекает значительное внимание благодаря своей высокой техноло-

гичности и низкой стоимости. В этом обзоре представлены новейшие исследования в области порошковой металлургии высокоэнтро-
пийных сплавов, разработанных для применения при высоких температурах. Рассматриваются основные процессы получения порошков 
и компактов из них, химический и фазовый состав, плотность, механические свойства при повышенной температуре, термостабильность. 
Проведённый анализ показал, что для получения порошковых смесей применяются различные методы произ водства и смешения порош-
ковых компонентов, включая самораспространяющийся высокотемпературный синтез, магниотермию, гидрирование, механическое 
легирование, плазменную сфероидизацию, центробежное распыление прутка плазмой и традиционное смешение элементных порошков 
в высокоэнергетических смесителях. Наиболее распространенным способом консолидации является искровое плазменное спекание, 
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 Introduction

High-entropy alloys (HEAs) are a new generation 
of alloys that have been developed since 2004 [1; 2]. 
Despite intensive research over the past 20 years in 
the field of high-entropy materials, these alloys have not 
yet found widespread use in modern industry, although 
they continue to gain popularity in scientific studies each 
year [3; 4] due to their high physical, mechanical, and 
operational properties [5; 6]. High-entropy alloys are 
resistant to oxidation at high temperatures, which poten-
tially broadens their technological applications, including 
replacing nickel-based alloys in turbine systems [7; 8]. 
In their review, O.N. Senkov et al. [9] explore two groups 
of HEAs for high-temperature applications. The first 
group includes HEAs based on 3d transition metals such 
as Co, Cr, Cu, Fe, Mn, Ni, and Ti. These alloys have a yield 
strength of over 1000 MPa at 600 °C. However, accord-
ing to the authors, none of the HEAs presented possess 
properties superior to modern nickel-based heat-resistant 
alloys. The heat resistance of HEAs quickly decreases at 
temperatures exceeding ≈800 °C, similar to that of nickel-
based heat-resistant alloys. Additionally, their ability 
to withstand high temperatures is limited by their mel-
ting points, which are only slightly different from those 
of commercial nickel-based heat-resistant alloys.

Refractory high-entropy alloys (RHEAs) represent 
the second group of HEAs, developed by O.N. Senkov 
and co-authors [10] for high-temperature applications. 
Since 2010, this category of alloys has attracted the inte-
rest of specialists due to their ability to maintain high 
static strength up to 1600 °C and potentially higher. 
The first RHEA was created using five refractory compo-
nents (Mo, Nb, Ta, V, and W), but later alloys were made 
from elements of Group IV (Ti, Zr, and Hf), Group V 
(V, Nb, and Ta), and Group VI (Cr, Mo, and W) [10].

Refractory high-entropy alloys show promise for use 
in structures and products operating at high temperatures 
(above 1000 °C) and are considered as replacements 

for nickel-based heat-resistant alloys. In their recent 
review, W. Xiong et al. [11] demonstrated that HEAs 
exhibit excellent mechanical properties over a wide 
range of temperatures and increased resistance to high-
temperature oxidation. Currently, there is a significant 
increase in research on RHEAs, which is also confirmed 
by the growing number of reviews on RHEAs developed 
for applications in nuclear engineering [12; 13].

Traditionally, gas-phase, liquid-phase, and solid-phase 
methods are used to produce HEAs [3]. Powder metallurgy 
methods (solid-phase methods) are considered the most 
rational for obtaining RHEAs for high-temperature appli-
cations [14]. Fig. 1 illustrates the process for the produc-
tion of HEAs, enabling the creation of high-quality billets 
with geometries that meet consumer requirements. How-
ever, the analysis of recent reviews [11 – 13] in the field 
of HEAs for high-temperature applications indicates 
a lack of information on solid-phase powder metallurgy 
processes for HEAs since 2020.

Thus, it becomes relevant to assess the latest deve-
lopments and trends in the field of HEAs for high-tem-
perature applications. Therefore, this review examines 
the criteria for selecting chemical elements for the solid-
phase powder metallurgy process, as well as consolida-
tion methods, density, phase composition, mechanical 
properties, and future trends regarding HEAs.

 Materials and methods

Using the PRISMA (Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses) crite-
ria [15], both Russian and international databases were 
analyzed: elibrary.ru, mdpi.com, Springer.com and 
sciencedirect.com. 

The selected studies met the following criteria:
– mechanical properties at elevated temperatures; 
– oxidation resistance; 
– thermal stability.

позволяющее получать компакты с высокой скоростью и сохранением тонкой структуры. Также для производства длинномерных 
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 Results and discussion

After screening for the specified criteria, thirty-nine 
studies related to powder metallurgy of high-entropy 
alloys (HEAs) for high-temperature applications were 
selected. The Table provides data on the studies that con-
tain results meeting all of the aforementioned criteria.

 Chemical composition

Recent studies have examined innovative oxide-disper-
sion strengthened (ODS) refractory high-entropy alloys 
(RHEAs). For example, in the study [32], 15 % Al2O3 
was used to produce lightweight refractory alloys 
based on TaNbVTi. Zong L. et al. [33] used nanoscale 
ceramic particles of m-ZrO2 to strengthen the refractory 
high-entropy alloy NbMoTaW, and in the study [34], 

they applied similar reinforcement for the WMoNbTaV 
alloy. Similarly, nanoscale Y2O3 particles were used in 
the study [35]. A new NbTaTiV ODS RHEA containing 
0.35 wt. % Al2O3 was investigated in the study [25].

Strengthening HEAs with nanoscale refractory 
oxides can only be achieved through powder metal-
lurgy me thods. The traditional chemical compositions 
of HEAs, presented in the Table, replicate their composi-
tions obtained earlier using liquid-phase methods [2; 8; 
10 – 12]. Therefore, the application of powder metallurgy 
methods expands the technological capabilities for pro-
ducing HEAs with the widest range of chemical composi-
tions [36 – 39].

 Powder preparation

In the studies [40; 41], the approach of obtaining 
powder mixtures through simple mixing without addi-
tional milling was used. The most common method for 
producing powder is mechanical alloying in a planetary 
mill [42].

To expand the raw material base, in the study [43], 
a powder mixture was synthesized using a blend of tita-
nium hydride and elemental powders. In the same study, 
Nb hydride powder and Ta hydride powder were used. 
The release of hydrogen during the decomposition 
of the hydrides helps to clean the surface of the metal 
powders from impurities.

For the agglomeration of fine powders, spray drying 
is applied. In the study [44], after spray drying, the HEA 
powder granules were processed in a plasma spheroidi-
zation unit (Tekna Nano-15). Induction thermal plasma 
(Fig. 2) was also used in the study [45] for spheroidizing 
WTaMoNbZr powder, which was originally irregularly 
shaped and obtained by grinding a hydrogenated ingot. 
The deoxidation during plasma processing contributed 
to refining the alloy. 

In the study [46], pre-rolled plates with a known grain 
size were hydrogenated. The authors highlight the eco-
nomic efficiency of the mechanical milling method and 

Fig. 1. Flow diagram of powder metallurgy

Рис. 1. Технологическая схема порошковой металлургии

Fig. 2. Schematic diagram of plasma spheroidization system

Рис. 2. Принципиальная схема системы сфероидизации плазмы
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Information on the reviewed studies

Информация об исследованиях, включенных в обзор

Author, year
Chemical composition Powder preparation Mechanical properties at elevated temperature

Phase composition Consolidation method Oxidation resistance/thermal stability

Xiang L. et 
al., 2020 [16]

TaNbVTiAlx (x = 0, …, 1.0) MA (Mechanical alloying) Specific strength 88.37 MPaꞏcm3/g, T = 900 °C; 
specific strength 16.03 MPaꞏcm3/g, T = 1200 °C

BCC SPS (Spark plasma 
sintering) –

Li H. et al., 
2020 [17]

Co25Cr21Fe18Ni23Mo7Nb3WC2 MA T = 600 °C, σ0.2 = 473 MPa*, σ = 741 MPa*, ε = 10.5 %;  
T = 900 °C, σ0.2 = 142 MPa*, σ = 165 MPа*, ε = 31.0 %

FCC + Me6C HP (Hot pressing) –

Alvaredo-
Olmos P. et 
al., 2021 [18]

Fe1.5Cr1Al0.75Mo0.1Ti0.1
Fe1.5Cr1Al0.75Mo0.1Ti0.1Ni0.25

GA (Gas atomization) T = 400 °C, HV = 6.1 GPa;
T = 400 °C, HV = 6.5 GPa

BCC-B2 SPS –

Yang T. et al., 
2021 [19]

CoCrFeMnNi GA Retention of nanostructure (55 – 160 nm)  
after heating to 1100 °C

FCC HP –

Zhang R. et 
al., 2021 [20]

AlxCrTiMo (x = 0.25, …, 1.00) MA –

BCC SPS Heat resistance at 1000 °C for 7 h

Liu Q. et al., 
2021 [21]

MoNbTaTiV MA V = 0.5 s−1, σ = 400 MPa; V = 0.0005 s−1, 
σ = 30 MPa (T = 1300 °C in vacuum)

BCC SPS –

Peng H. et 
al., 2022 [22]

NbMoTaWV MA
T = 1000 °C, σ = 1978 MPa, specific strength 

170.51 MPaꞏcm3/g; T = 1200 °C, σ = 1433 MPa, 
specific strength 123.53 MPaꞏcm3/g

BCC + Tetrahedral phase SPS –

Gao F. et al., 
2022 [23]

TiAlV0.5CrMo MA –

BCC + Laves phases – Retention of nanostructure at 1200 °C

Ujah C. et al., 
2023 [24]

Ti20Al16V16Fe16Ni16Cr16 MA Mechanical properties higher than Ti64 alloy

FCC + BCC SPS –

Zhang X. et 
al., 2023 [25]

NbTaTiV + 0.35Al2O3 MA σ0.2 = 690 MPa (T = 1000 °C)

BCC + Al2O3 HP –

Kuskov K.V. 
et al., 2023 
[26]

Co35Ni10Fe10Cr10Al35 MA + СВС σ0.2 = 1,120 MPa, T = 600 °C,
specific yield strength 167.66 MPaꞏcm3/g

B2 + BCC + FCC + L12 SPS –

Boztemur B. 
et al., 2023 
[27]

WNbMoVTaCrAl MA –
BCC + Ta2VO6 + (Nb,Ta)C + 

+ W2C0.85 + Al2O3
SPS Retention of nanostructure at 1150 °C

Das S. et al., 
2023 [28]

AlCoCuFeNi MA –

FCC + BCC – Retention of nanostructure at 900 °C

Qin M. et al., 
2023 [29]

Ti – Nb – Mo – Ta – W – Ni – Zr MA –

BCC + Secondary phases SPS Grain size <150 nm after 5 h annealing at 1300 °C

Gao F.et al., 
2023 [30]

TiAlV0.5CrMo MA –

BCC1 + BCC2 + Al2O3 SPS Retention of nanostructure at 1200 °C

Fu A. et al., 
2023 [31]

Al – Fe – Co – Cr – Ni GA σ0,2 = 518 MPa (T = 600 °C)

FCC + BCC
Hot extrusion (extrusion 

ratio 7:1, temperature 
1150 °C)

–

* Tensile test.
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the clear correlation between the grain size of the plate and 
the resulting powders, which ranged from 6 to 102 µm.

Gas atomization (Fig. 3) is the primary method used 
for producing spherical powders. In the study [18], gas 
atomization was used to produce HEAs from 3d transition 
elements and refractory elements, while in the study [19], 
the same method was applied but exclusively for HEAs 
made from 3d transition elements. These powders have 
a homogeneous chemical composition and are suitable 
for various technological processes in powder metallurgy, 
as well as for additive manufacturing [47]. However, gas-
atomized powders contain satellites, which limit their 
compactness. Therefore, for obtaining powders with 
a high degree of sphericity, the technology of centrifugal 
atomization of a rotating electrode is used.

In the study [48], both EIGA (Electrode Inert Gas 
Atomization, Fig. 4, а), and the PREP (Plasma Rotating 
Electrode Process, Fig. 4, b) were used to produce RHEA 
powders. The results demonstrated that the PREP method 
produced powders with high sphericity and no satellite 
particles, although the particle sizes were larger com-
pared to those obtained with EIGA. The average particle 
sizes were 65.9 µm for PREP and 51.8 µm for EIGA. 

In the study [26], self-propagating high-tempera-
ture synthesis (SHS) was used to obtain powders from 
mechanically activated powder, resulting in a change in 
the material’s phase composition. This approach expands 
the potential for obtaining new properties in known HEA 
chemical compositions.

Fig. 3. Scheme of the unit for obtaining spherical powders by spraying the melt with inert gas

Рис. 3. Схема установки получения сферических порошков распылением расплава инертным газом

Fig. 4. Schematic diagrams of EIGA (a) and PREP (b) systems

Рис. 4. Принципиальные схемы систем EIGA (a) и PREP (b)
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A combination of magnesiothermy and SHS was 
applied in the study [49]. The authors used a powder mix-
ture of WO3 , Nb2O5 , Ta2O3 and MoO3 in combination 
with pure magnesium powder for SHS. This approach 
contributes to the expansion of the raw material base in 
the production of RHEAs.

The expansion of synthesis methods allows for obtain-
ing powders with various chemical compositions, mor-
phologies, and sizes. This is crucial for the next techno-
logical cycle in powder metallurgy, namely consolidation 
(compaction) processes.

 Consolidation process

The most widely used compaction method is spark 
plasma sintering (SPS). In the studies [50] and [51], 
the maximum temperature of 1900 °C was achieved 
under a pressure of 50 MPa. The maximum pressure for 
SPS, 80 MPa, was applied in the study [52]. A key limi-
ting factor for the pressure is the use of graphite punches 
in SPS.

The main advantage of the SPS method is the con-
trollable process speed, increased sample density, and 
the retention of metastable structures due to high cooling 
rates. However, SPS has limitations in producing comp-
lex-shaped and large-sized products. 

Sintering by hot pressing (HP) is a widely used tech-
nology in powder metallurgy for producing products with 
minimal residual porosity. The main difference between 
HP and SPS is in the heating and cooling rates. Addi-
tionally, HP is preferable for manufacturing large parts in 
industry [17; 19].

Cold isostatic pressing (CIP) and pressureless sin-
tering are common methods in powder metallurgy. 
In the study [53], the maximum sintering tempera-
ture using a mixture of H2 and Ar was 1400 °C. In 
the study [54], the same sintering atmosphere was used, 
but the maximum temperature reached 1450 °C. The data 
obtained on the sintering process can be adapted for high-
throughput MIM (Metal Injection Moulding) techno-
logy [55; 56].

The method of hot extrusion is promising for pro-
ducing long products with high mechanical properties. 
In the study [31], spherical powders in a stainless steel 
container were subjected to hot extrusion at a tempera-
ture of 1150 °C (extrusion ratio of 7:1). The production 
of long bars and wires by hot extrusion can be used both 
for making rod structures and for additive manufacturing 
processes, such as thermal spraying or wire arc additive 
manufacturing.

Among the reviewed studies on HEA powder met-
allurgy since 2020, no methods for producing billets 
by metal injection molding or hot isostatic pressing (HIP) 
were presented [57]. However, these methods enable 

the manufacturing of complex-shaped samples with high 
density and are promising for the production of parts from 
HEA powders. Thus, in the coming years, these methods 
are expected to be adapted for producing products for 
high-temperature applications.

 Phase composition

In the reviewed studies (see Table), X-ray diffraction 
analysis of HEAs based on 3d transition metals prima-
rily revealed a single-phase FCC solid solution, while for 
compositions based solely on refractory metals, a single-
phase BCC solid solution was identified. However, for 
compositions containing both 3d transition metals and 
refractory metals, X-ray analysis detected the presence 
of two phases: FCC and BCC. Additionally, in some 
cases, the presence of carbide, oxide, sigma, and inter-
metallic phases was observed, which positively affect 
the high-temperature properties of the developed alloys.  

 Density

Density is a key factor for sintered samples, as it 
allows for assessing the effectiveness of the consolida-
tion method. 

Among the analyzed studies, the highest density 
was achieved for the RHEAs (W35Ta35Mo15Nb15)95Ni5 
(14.55 g/cm3) [58] and equiatomic RHEA NbMoTaWRe 
(14.36 g/cm3) [49], due to the presence of W, Ta, Nb, Mo, 
and Re. The lowest density, 5.98 g/cm3, was obtained for 
the HEA TiAlV0.5CrMo [23]. Overall, chemical compo-
sitions containing Al have significantly lower densities. 
To further reduce the density, oxides are introduced into 
HEA compositions [32].

The density of powder samples is considered when 
calculating specific strength, which allows for comparing 
HEAs with different chemical compositions and densi-
ties.

It is important to note that density is also determined 
by the level of residual porosity, which is highest for pres-
sureless sintering and lowest in the case of HP and SPS.

 Mechanical properties at elevated temperatures
 

Only 20 % of the reviewed studies provide data on 
the properties of powder HEAs at elevated temperatures.

The authors of the study [16] found that the RHEA 
TaNbVTiAl0.2 exhibits exceptional specific strength 
both at room temperature (207.11 MPaꞏcm3/g) and 
at high temperatures (88.37 MPaꞏcm3/g at 900 °C and 
16.03 MPaꞏcm3/g at 1200 °C), while maintaining accept-
able ductility. Such RHEAs have the potential for use at 
temperatures exceeding 1200 °C. The high mechanical 
properties are determined by the homogeneous micro-
structure and solid solution strengthening.
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In the study [17], a comparison of tensile test results 
at room temperature and at 900 °C showed that deforma-
tion increased 5.6 times, and the yield strength decreased 
fourfold. According to the authors, grain boundary 
strengthening was the dominant mechanism at elevated 
temperatures, where carbide particles made a significant 
contribution to increasing yield strength through disloca-
tion and Orowan strengthening.

In the study [18], nanoindentation showed that in -
creasing the temperature to 400 °C resulted in only 
a 10 % reduction in hardness. 

In the study [21], the hot deformation characteristics 
of ultrafine-grained RHEA MoNbTaTiV were investi-
gated using isothermal compression tests in the tempera-
ture range of 1100 to 1300 °C and strain rates from 0.0005 
to 0.5 s–1. It was found that at high temperature and low 
strain rate, the main deformation mechanism becomes 
grain boundary sliding, which is somewhat suppressed by 
grain growth and ultrafine precipitated phases distributed 
along the grain boundaries.

In the study [22], it was noted that the high strength 
of the NbMoTaWV alloy at elevated temperatures is pri-
marily due to the presence of a secondary phase, which 
prevents grain boundary sliding. However, at elevated 
temperatures, the alloy became less ductile, likely due 
to the presence of the secondary phase, which leads 
to crack formation along the grain boundaries. At room 
temperature, the sintered NbMoTaWV demonstrated 
higher compressive strength and ductility compared 
to the corresponding cast HEA. The significant increase 
in strength is associated with the precipitation of the 
(Ta, V)O2 phase and grain boundary strengthening of the 
BCC matrix.

In the study [25], a new super-strong RHEA NbTaTiV, 
oxide-dispersion strengthened with 0.35 wt. % Al2O3 , 
was produced. The dual-phase material demonstrated 
a high yield strength (2075 MPa) and compressive ducti-
lity (15 %), maintaining high strength across a wide tem-
perature range (25 – 1000 °C). The super-high strength 
of the dual-phase RHEA was mainly attributed to dis-
persion strengthening due to the high fraction of submi-
cron Ti-(O, N) particles and solid solution strengthening. 
The alloy’s performance can be significantly improved 
through oxide strengthening, opening new prospects for 
developing high-performance RHEAs.

High-temperature tests conducted in all the published 
studies aimed to evaluate the static strength of materi-
als at elevated temperatures (see Table), but for practi-
cal application, an assessment of the reliability of such 
materials will be required. Therefore, future studies 
should eva luate fracture toughness, creep resistance, 
durability, etc.

 Oxidation resistance and thermal stability
 

In 15 % of the reviewed studies, data on thermal sta-
bility and/or oxidation resistance were provided.

A key feature of RHEAs is the high-temperature sta-
bility of the ultrafine-grained structure, obtained through 
mechanical alloying followed by SPS. The high recrys-
tallization temperature of RHEAs ensures the retention 
of the nanostructures formed during the preparation 
of powder mixtures. Therefore, RHEAs exhibit higher 
thermal stability compared to HEAs based on 3d ele-
ments.

The introduction of active elements Al and Cr into 
RHEA compositions promotes the formation of oxide 
films, which enhance heat resistance [20; 30]. 

 Conclusions and future prospects

This review has examined new and traditional 
approaches used in the production of high-entropy alloys 
(HEAs) for high-temperature applications. The primary 
goal of solid-state methods for producing HEAs from 
refractory elements is to create cost-effective components 
with precise geometries and properties that are difficult 
or impossible to achieve using gas-phase or liquid-phase 
methods. 

Recent research in powder metallurgy shows the use 
of oxides and hydrides for powder production, signifi-
cantly expanding the raw material base for HEA metal-
lurgy.

Various approaches are used to produce powder mix-
tures, including mechanical alloying, SHS (self-propa-
gating high-temperature synthesis), hydride formation, 
metallothermy, agglomeration, spheroidization, gas 
atomization, and plasma atomization of a centrifugally 
rotating electrode.

An analysis of powder sintering methods indicates 
that the most commonly used method is spark plasma 
sintering (SPS). However, this method has known limita-
tions regarding the shape and size of products. Therefore, 
the study of free sintering processes is more important 
for mass production. In addition, to reduce the porosity 
of sintered powder samples, hot isostatic pressing (HIP), 
which is actively used in additive manufacturing for criti-
cal products, should be applied. 

The production of long bars and wires from HEAs 
by hot extrusion of powders can be used for making rod 
structures as well as for additive manufacturing pro-
cesses, such as thermal spraying or wire arc additive 
manufacturing.

An analysis of the chemical composition of high-
entropy alloys shows that HEAs based on 3d transition 
elements are suitable for temperatures up to 1000 °C, 
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while refractory HEAs (RHEAs) are used at higher tem-
peratures. The addition of aluminum is aimed at reduc-
ing the density of RHEAs and increasing oxidation resis-
tance. 

One of the promising methods for improving strength at 
high temperatures is oxide dispersion strengthening. How-
ever, in some cases, nanoparticles chemically interact with 
the matrix, altering the chemical composition of the dis-
persed particles. Therefore, the selection of strengthening 
nanoscale powders requires prior analysis.

The high thermal stability of RHEAs and the reten-
tion of nanoscale grains at temperatures above 1000 °C 
are determined by the high recrystallisation temperature.

The results of this review confirm that HEAs have 
potential for use in high-temperature applications. 
The mechanical properties of sintered RHEA samples are 
superior to those of samples with similar chemical com-
positions obtained by liquid-phase methods. Howe ver, 
further research and development are required to improve 
the oxidation resistance and mechanical properties 
of powder RHEAs at the desired temperatures. 

A key finding from the analysis is the identification 
of a limited range of methods for evaluating high-tem-
perature properties (such as compressive strength, tensile 
strength, and nano-hardness). This restricts consumers’ 
ability to fully assess the feasibility of new alloys and 
production methods for practical applications. There-
fore, it is essential to broaden the evaluation approaches 
to include a wider spectrum of performance character-
istics, such as fracture toughness, heat resistance, wear 
resistance, fatigue strength, and overall durability.

Thus, future research should focus on:
– determining fatigue properties and the durability 

of powder products to ensure their reliability in real engi-
neering applications;

– manufacturing large parts with complex shapes;
– reducing porosity without significantly increasing 

cost;
– developing low-temperature deformation methods;
– creating environmentally friendly and highly accu-

rate production technologies.
When planning new research, it is important to focus 

on scalability, cost-effectiveness, and the practical appli-
cation of powder synthesis and consolidation methods 
to enable their broader adoption in real-world engineer-
ing projects.
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Abstract. The paper presents the findings from the study of the working space of blast furnace No. 5 of PJSC Severstal during its first-category over-

haul in 2024 lasting 17.46 years, which significantly exceeded the standard service life. The effectiveness of technological measures taken to extend 
the furnace’s campaign from 2006 to 2024, aimed at protecting the refractory lining in critical areas such as the hearth, lower shaft, and the upper bosh, 
was evaluated. The residual thickness of the refractory lining in the shaft, hearth, and metal receiver is analyzed, and maps showing the actual thick-
ness of the lining across different sections are generated. The measured maximum wear of the shaft refractory lining is 344 mm (37.4 % of the original 
value); the measured maximum wear of carbon blocks in the area of cesspool openings – 313 mm (23.4 % of the original block size). In the upper 
part of the hearth, the minimum residual thickness of refractories with an Al2O3 content of 43 % is 220 mm or 31.9 % of the initial value. The paper 
also discusses safe remote measurement methods, including 3D laser scanning of the furnace shaft during the removal of residual charge materials. 
It highlights the advantages of ground-based laser scanners in capturing dense, high-quality 3D geometric data. Additionally, the paper describes 
the experience of remotely measuring the residual thickness of carbon blocks around the raking openings. Comparisons are made between the actual 
residual thickness of the refractory lining in the hearth, bottom carbon blocks, and high-alumina refractories of the tuyere zone, and the results 
obtained using ultrasonic echo-sounding technology (AU-E) during the furnace’s operation. The paper also includes a description of the stress wave 
propagation technology, which utilizes data analysis in the time and frequency domains to determine lining thickness and detect anomalies. The results 
of the current and previous blast furnace campaigns are compared in terms of pig iron production, the number of cooling system failures, and refrac-
tory wear across the entire working space of the furnace. The total production of pig iron in the 2006 – 2024 campaign, related to the furnace area, 
amounted to 420.0 thousand tons/m2 and exceeded the figure for the previous campaign by 1.90 times. 

Keywords: blast furnace, 3D scanning, residual lining thickness, hearth erosion, campaign duration, PJSC Severstal, hearth, shaft, totterman, hearth 
washing, skull formation, specific natural gas consumption, solid fuel consumption per ton of pig iron, ultrasonic echo sounding, iron ore materials, 
coke, CSR indicator
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Аннотация. В работе представлен опыт изучения рабочего пространства доменной печи № 5 ПАО «Северсталь» по результатам кампании 

2006 – 2024 гг. продолжительностью 17,46 лет, существенно превысившей нормативные сроки эксплуатации. Выполнена оценка резуль-
тативности технологических мероприятий по продлению кампании доменной печи, применявшихся для защиты огнеупорной футе-
ровки в критических зонах горна, нижней части шахты и верха заплечиков. Авторы провели анализ остаточной толщины огнеупорной 
футеровки шахты, горна и металлоприемника доменной печи, сформировали карты фактического разгара огнеупорной футеровки по 
различным сечениям. Измеренный максимальный износ огнеупорной футеровки шахты составил 344 мм или 37,4 % первоначальной 
величины, измеренный максимальный разгар углеродистых блоков в районе выгребных проемов – 313 мм или 23,4 % первоначального 
размера блока. В верхней части горна минимальная остаточная толщина огнеупоров с содержанием Al2O3 = 43 % составила 220 мм или 
31,9 % исходной величины. Представлены способы безопасного дистанционного измерения фактического профиля шахты доменной 
печи с помощью лазерного 3D сканирования в процессе выгребки остатков шихтовых материалов. Время выполнения 3D сканирования 
в рабочем пространстве печи составило 50 мин. В работе проведен сравнительный анализ фактической остаточной толщины футеровки 
в районе углеродистых блоков горна и лещади и высокоглиноземистых огнеупоров фурменной зоны с результатами оценок с исполь-
зованием технологии ультразвукового зондирования эхо-методом (AU-E), выполнявшихся в период работы доменной печи. Приведено 
описание технологии распространения волн напряжения с использованием анализа данных в временном и частотном домене для опре-
деления толщины футеровки или для обнаружения аномалий. Авторы провели сравнение результатов предыдущей и текущей кампаний 
доменной печи по объему произведенного чугуна, количеству вышедших из строя элементов системы охлаждения, износу огнеупоров по 
всему рабочему пространству доменной печи. Суммарное производство чугуна в кампании 2006 – 2024 гг., отнесенное к площади горна, 
составило 420,0 тыс. т/м2 и превысило показатель предыдущей кампании в 1,90 раза. 

Ключевые слова: доменная печь, 3D сканирование, остаточная толщина футеровки, разгар горна, продолжительность кампании, ПАО «Север-
сталь», горн, шахта, тотерман, промывка горна, гарнисажеобразование, удельный расход природного газа, расход твердого топлива на тонну 
чугуна, ультразвуковое зондирование эхо-методом, железорудные материалы, кокс, показатель CSR
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длению кампании доменной печи № 5 ПАО «Северсталь» 2006 – 2024 гг. при исследовании ее рабочего пространства в период проведе-
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Оценка результативности применения 
технологических мероприятий по продлению кампании 

доменной печи № 5 ПАО «Северсталь» 2006 – 2024 гг. 
при исследовании ее рабочего пространства 

в период проведения капитального ремонта I разряда
А. А. Калько1 , Л. И. Леонтьев2, 3, Е. А. Волков1

 Introduction

The extension of a blast furnace (BF) campaign, 
defined as the period between first-category overhauls, 
allows for a reduction in the cost of pig iron production. 
To increase the length of the inter-repair period, both 
technical and technological measures are developed. 
The effectiveness of these measures is generally evalu-
ated based on the results of the completed campaign, 
taking into account its duration and the volume of pig 
iron produced during the inter-repair period. The end 
of the campaign is primarily determined by reaching 
the minimum permissible residual thickness of the refrac-
tory lining. Many researchers [1 – 4] have noted that 
the achievement of a long, safe, and accident-free opera-

tion of the blast furnace largely depends on the durability 
of the hearth and the bottom. While the residual thickness 
of the shaft lining can be measured periodically during 
brief furnace shutdowns when the charge level is lowe-
red, direct measurements of the refractory thicknesses in 
the hearth and bottom during the campaign are extremely 
difficult, and wear assessment can only be performed 
using non-destructive testing methods [5]. This makes 
the information about the actual condition of the refracto-
ries in the working space of the furnace, obtained during 
a shutdown for re-lining, usually during a first-category 
overhaul, particularly valuable. Such information not 
only allows for the evaluation of the adequacy of non-
destructive testing methods and the calculation models 
used during the campaign to assess the lining thickness, 
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but also helps identify critical areas requiring protection 
and adjustments to the smelting technology in the future.

This paper presents the experience of studying 
the working space of blast furnace No. 5 of PJSC Sever-
stal during its first-category overhaul in 2024. The fur-
nace operated in its campaign from October 20, 2006, 
to April 2, 2024, for a total of 17.46 years (referred to as 
the current campaign hereinafter), significantly exceeding 
the standard service life typical for blast furnaces of simi-
lar design. During the campaign, over 75 million tons 
of pig iron were produced, surpassing the cumulative pig 
iron output of the first two campaigns. These results were 
achieved on a blast furnace of “classic” design, without 
any major capital-intensive changes to the refractory lin-
ing of the shaft and hearth, but through the development 
of new methods for managing, controlling, and adjusting 
the pig iron smelting technology [6]. 

 Prerequisites for the research

Based on the results of the study of the working space 
of blast furnace No. 5, which was blown out at the end 
of the previous campaign (1995 – 2006), certain zones 
requiring protection and adjustments to the smelting tech-
nology for the current campaign (2006 – 2024) were iden-
tified. These were the hearth, the lower shaft, and the upper 
bosh, as the zones were found to have low residual refrac-
tory thickness and little to no protective skull. 

In the current campaign, a set of measures was imple-
mented, including regular hearth washing to remove coke 
debris and flux residues, maintaining a stable self-renewing 
skull in the lower shaft, and ensuring effective distribution 
of different types of solid fuel across the furnace’s cross-
section, as described in detail in [6]. The need to assess 
the effectiveness of these measures formed the basis for 
launching a program to study the working space of blast 
furnace No. 5 during its 2024 overhaul. It should be noted 
that blast furnace No. 5 accounts for up to 40 % of the total 
pig iron production at PJSC Sever stal, imposing strict time 
constraints on the repair sche dule and the duration of any 
studies aimed at extending this timeframe. Based on this 
premise, it was decided to minimize human presence 
du ring measurements in the working space of the furnace 
and to maximize the use of modern remote measurement 
methods with laser scanners. 

 Measurement of actual lining wear in the shaft
 

of BF No. 5 using the Leica RTC360 scanner

Ground-based laser scanners (GLS) are instruments 
capable of quickly capturing dense, high-quality 3D geo-
metric data of the surrounding environment. They have 
become standard tools in numerous applications, such as 
as-built modeling, environmental and geological scien ces, 
forensic analysis, and engineering. Photogrammetry and 

geodesy, being engineering disciplines with the highes t 
accuracy requirements, have recently driven significant 
improvements in this measurement techno logy, making 
it competitive even for the most complex measurement 
tasks [7].

The scanning was performed on April 12, 2024, during 
the furnace raking process, using the Leica RTC360 scan-
ner. Measurements were taken from the throat platform at 
three points and from the cesspool area at the casthouse 
level. The results of the scan yielded a point cloud con-
sisting of 117.5 million points. The points were processed 
using Leica TruView software. Due to the limitations 
of direct visibility to all sections of the furnace’s inner sur-
face, some areas were partially not covered by the scan. 
The overall view of the measured point cloud, represent-
ing the inner surface of the blast furnace and the loca-
tion of the scanning stations, is shown in Fig. 1. Mea-
surements of the actual internal diameters of the furnace 
at various levels were taken at heights of +43,900 mm, 
+41,350 mm, +40,500 mm, +39,500 mm, +38,500 mm, 
+37,500 mm, +36,500 mm, +35,500 mm, +34,500 mm, 

Fig. 1. General view of the scanning results of the internal space  
of blast furnace No. 5, showing the location of the scanning stations

Рис. 1. Общий вид результатов сканирования внутреннего 
пространства ДП № 5 с указанием расположения станций 

сканирования
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Fig. 2. Example of measuring the diameter of the internal space 
of blast furnace No. 5 at +43,900 mm (throat armour) 

with reference to the location of iron tapholes

Рис. 2. Пример измерения диаметра внутреннего пространства 
ДП № 5 на отметке +43 900 мм (колошниковая защита) 

с привязкой к расположению чугунных леток

+33,500 mm, and +32,500 mm. Horizontal sections of the 
scanning areas at the corresponding heights were used 
to determine these diameters. An example of a diameter 
measurement at +43,900 mm, with reference to the loca-
tion of the tap holes, is shown in Fig. 2.

Additionally, orthogonal projections of the scanning 
results were constructed with a 1 m step and an initial off-
set of 0.5 m from the aforementioned height levels (from 
+43,000 mm to +32,000 mm inclusive), which made it 
possible to create a map of the actual wear of the refrac-
tory lining in the shaft of blast furnace No. 5, as shown 
in Table 1.

The negative value of the lining wear at the height 
of +43,900 mm is explained by the shift in the position 
of the throat armour segments as a result of prolonged 
operation. The graphical representation of the varia-
tions in the lining wear value depending on the height 
of the blast furnace shaft is shown in Fig. 3. 

Table 1. Actual wear of the refractory lining in the shaft of blast furnace No. 5 
by sections of diametrically opposite iron tapholes

Таблица 1. Фактический износ огнеупорной футеровки шахты ДП № 5 
по сечениям диаметрально противоположных леток

Height, mm Design 
diameter, mm

Measurements across the diametrically opposite tapholes, mm

iron tapholes 
1 – 3

iron tapholes  
2 – 4

average residual 
diameter at the height

deviation of residual 
diameter  

(actual vs. design)

refractory 
lining wear

+43,900 11,200 11,163 11,102 11,133 –68 –34
+43,000 11,200 11,278 11,252 11,265 65 32
+42,000 11,200 11,284 11,283 11,283 83 42
+41,350 11,239 11,790 12,065 11,928 689 344
+40,500 11,460 11,937 11,950 11,944 484 242
+40,000 11,590 11,975 11,996 11,986 396 198
+39,500 11,720 12,061 12,125 12,093 373 187
+39,000 11,850 12,300 12,338 12,319 469 235
+38,500 11,979 12,363 12,308 12,336 356 178
+38,000 12,109 12,529 12,548 12,539 429 215
+37,500 12,239 12,654 12,539 12,597 357 179
+37,000 12,369 12,620 12,700 12,660 291 146
+36,500 12,499 12,751 12,749 12,750 251 125
+36,000 12,629 12,902 12,896 12,899 270 135
+35,500 12,759 12,939 13,042 12,991 232 116
+35,000 12,889 13,225 13,172 13,198 310 155
+34,500 13,019 13,200 13,325 13,263 244 122
+34,000 13,149 13,331 13,333 13,332 183 92
+33,500 13,278 13,503 13,392 13,448 169 85
+33,000 13,408 13,640 13,628 13,634 226 113
+32,500 13,538 13,663 13,748 13,706 167 84
+32,000 13,668 13,897 13,889 13,893 225 112
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Thus, the maximum wear of the refractory lining in 
the upper uncooled section of the shaft of blast furnace 
No. 5 during the 2006 – 2024 campaign was observed in 
the upper rows of refractories, directly beneath the throat 
armour segments, and amounted to 242–344 mm, or 
37.4 % of the original lining thickness. At deeper le vels, 
up to 10 m below the charge level, the lining wear did 
not exceed 100 – 150 mm, or 11 – 16 % of the original 
thickness. During the previous campaign of the furnace 
(1996 – 2006), a significant reduction in the thickness 
of the shaft lining was recorded – the upper rows had 
a residual thickness of 270 – 300 mm, and the wear 
of the uncooled section of the shaft reached 67 %, which 
was 1.8 times greater than in the current campaign.

The condition of the cooled section of the shaft of blast 
furnace No. 5 based on the results of the current cam-
paign is shown in Fig. 4. The dashed line (А – В) indi-
cates the boundary of the uncooled section of the shaft, 
below which is located the combined cooling system con-
sisting of alternating rows of plate and horizontal cooler s. 
The broken line (С – D – E – F … – K) represents 
the vertically hidden rows of shaft coolers under the lin-
ing, with the segments C – D, E – F, etc., correspond-
ing to the space occupied by the rows of plate coolers. 
From Fig. 4, it can be seen that the lining in the cooled 
section was preserved up to a height of four to six rows 
of plate coolers. Intensive wear of the shaft was recorded 
below the third row from the top of the cooled section 
of the plate coolers or below the level of +30,500 mm. 
The wear ranges from 340 mm (according to the design, 
from the original lining to the nose part of the horizontal 
cooler of the shaft) to 510 mm (wear based on the results 
of the 3D scan) in the areas of the plate coolers.

It is worth noting the relatively satisfactory condi-
tion of the blast furnace shaft cooling system elements 
during the current campaign. The top four rows of plate 
coolers and up to eight upper rows of horizontal coolers 

remain protected by refractory lining. The coolers located 
below have largely retained their operability. In total, 
during the current campaign, 146 plate coolers, 262 hori-
zontal shaft coolers, and 1 bosh cooler were damaged, 
accounting for 23.2, 45.2, and 0.01 % of the total num-
ber of coolers of these types, respectively. In the previous 
campaign (1995 – 2006), 9 plate coolers, 221 horizon-
tal coolers, and 25 bosh coolers were damaged, or 1.4, 
38.1, and 20.8 % of the total number of these coolers, 
respectively. Pig iron production at blast furnace No. 5 
amounted to 75.18 million tons in the current campaign 
and 39.48 million tons in the previous campaign, while 
the total number of da maged elements of the cooling sys-
tem above the tuyeres was 409 and 255 units, respectively. 
Thus, 183.8 thousand tons of pig iron were produced per 
damaged cooling element in the bosh and shaft system 
during the current campaign, which is 19 % higher than 
the previous campaign’s figure of 154.8 thousand tons 
of pig iron per damaged element.

A comparison of the results of the previous and current 
campaigns suggests the high effectiveness of the mea-
sures applied to protect the refractory lining and the cool-
ing elements of the bosh and shaft, which included:

– the use of a previously developed method to ensure 
the self-renewal of the protective skull in the shaft [8], 
which involves the cyclical loading of charge materials, 
including a skull-forming mixture consisting of iron ore 
and sinter. This mixture generates primary slag melt in 
the amount of 20 – 25 %, with an iron oxide content in 
this melt of no more than 15 %;

Fig. 4. Condition of the refractory lining 
in the cooled section of blast furnace shaft No. 5, 
based on the results of the 2006 – 2024 campaign

Рис. 4. Состояние огнеупорной футеровки в шахте ДП № 5 
по результатам кампании 2006 – 2024 гг., охлаждаемая часть

Fig. 3. Variations in the actual wear of the refractory lining  
(uncooled section) based on the height of blast furnace shaft No. 5, 

according to the results of the 2006 – 2024 campaign

Рис. 3. Изменение фактической величины износа огнеупорной 
футеровки (неохлаждаемая часть) в зависимости от высотной 

отметки шахты ДП № 5 по результатам кампании 2006 – 2024 гг.
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– the development and application of methods dur-
ing the current campaign for the effective distribution 
of vario us types of solid fuel across the furnace’s cross-
section, and a material distribution system that includes 
a predetermined distribution of ore load across the fur-
nace’s cross-section. This also involves the cyclic use 
of axial, pre-washing, and washing batches to ensure 
the central operation of the furnace under variable charge 
and gas-blowing conditions [6].

It is important to note that the study of the condition 
of the refractory lining in the shaft of blast furnace No. 5 
was conducted within very tight time frames. The total 
scanning time at four stations was 50 min, which allowed 
the repair work on the furnace to proceed without delay.

 Measurement of refractory lining thickness
 

in the tuyere zone and hearth of BF No. 5

The measurement of refractory lining thickness in 
the hearth and bottom areas was carried out during 
the raking out of residual charge materials from the work-
ing space of blast furnace No. 5. To prevent people from 
entering the danger zone, a remote measurement method 
was used, capturing photographic images of refractory 
lining elements and scaling the linear dimensions of these 
elements against known dimensions of the furnace struc-

Fig. 5. Map showing the location of cesspools in the horizontal section of the hearth of blast furnace No. 5: 
BFP – blast furnace pipeline; DC – dust collector; GU 1, GU 2, …GU 8 – projection of the gas uptakes locations; 

Т1, Т2, … Т16 – projection of the of thermocouple locations for measuring peripheral gas temperatures; 
IT No. 1, IT No. 2, … IT No. 4 – location of the iron tapholes

Рис. 5. Карта расположения выгребных проемов в горизонтальном сечении горна ДП № 5: 
BFP – конвейер доменный; DC – расположение пылеуловителя; GU 1, GU 2, …GU 8 – проекции расположения газоотводов; 

Т1, Т2, …Т16 – проекции расположения термопар измерения температуры периферийных газов; 
IT No. 1, IT No. 2, …IT No. 4 – расположение чугунных леток

ture that remain unchanged during operation (such as 
the thickness of the shell, plate coolers in the hearth, and 
bottom, etc.). This method not only allows for safe mea-
surements but also significantly reduces the time required 
for the study, as the photographic documentation occurs 
quickly during technological pauses in the raking pro-
cess, and the mathematical processing of the results can 
be done at any convenient time. In this study, the proce-
dure for comparing the dimensions of objects by measur-
ing the lengths of lines recorded in the photographs was 
performed using the digital tool Visio. The known linear 
dimension used for scaling was the thickness of the hearth 
cooling stave, which is 160 mm.

The raking of residual charge materials was per-
formed through two cesspools installed in the furnace shell 
at the level of the tuyere zone (upper) and bottom (lower). 
A map showing the location of the cesspools in the horizon-
tal section of the hearth of blast furnace No. 5, with refe-
rence to the main structural elements, is presented in Fig. 5.

The tuyeres are positioned around the circumference at 
intervals of 360/40 = 9°. The right side of the lower cess-
pool, where the residual thickness of the carbon blocks was 
measured, is located 17.15° to the left of the axis of iron 
taphole No. 4, corresponding to the area between tuye-
res 32 and 33 (9/2 + 9 = 13.5° and 9/2 + 9 + 9 = 22.5°, 
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respectively). The left side of the lower cesspool, where 
the residual thickness of the carbon blocks was measured, 
is located 31.7 + 17.15 = 48.85° to the left of the axis 
of iron taphole No. 4, corresponding to the area 
of tuyere 36 (9/2 + 9ꞏ5 = 49.5°).

The right side of the upper cesspool is located 18.15° 
to the left of the axis of iron taphole No. 3, which corres-
ponds to the area between tuyeres 22 and 23 (9/2 + 9 = 13.5° 
and 9/2 + 9 + 9 = 22.5°, respectively). The left side 
of the upper cesspool is located 35.7 + 18.15 = 53.85° 
to the left of the axis of iron taphole No. 3, which corre-
sponds to the area between tuyeres 26 and 27 (9/2 + 9ꞏ5 = 
= 49.5° and 9/2 + 9ꞏ6 = 58.5°, respectively).

An example of using the Visio tool to measure the 
residual thickness of carbon refractory blocks in the right 
side of the lower cesspool (between tuyeres 32 and 33) is 
shown in Fig. 6. In this example, considering the scale, 
the actual residual size of the block is calculated as 

89.8888ꞏ160/7.4677 = 1926 mm, 

where 89.8888 is the size of the block in the photograph, 
mm, 160 is the design thickness of the cast iron stave, 
mm, and 7.4677 is the thickness of the cooler in the pho-
tograph, mm.

The results of the calculation of the residual thickness 
of the carbon block correspond well with the control mea-
surement taken during a technological pause in the raking 
process. The same method was used to assess the resi-
dual thickness of the refractories along the height of both 
the lower and upper cesspools.

The measurements performed made it possible 
to crea te a map of the actual erosion of the carbon blocks 
in the area of the lower cesspool between tuyeres 32 and 
36, which is presented in Table 2.

Using the same method as for measuring the actual 
wear of the carbon blocks in the area of the lower cess-

pool, the residual thickness of the refractory lining in 
the hearth was measured near the upper cesspool. This 
allowed the formation of actual erosion lines of the bot-
tom and hearth lining of blast furnace No. 5 along verti-
cal sections in the areas of tuyeres 22, 26, and 32, 36, 
respectively. A graphical representation of these lines, 
compared with the results of ultrasonic echo-sounding 
(AU-E), is shown in Fig. 7.

The AU-E method is a technology that uses stress 
wave propagation and data analysis in both the time 
and frequency domains to determine lining thickness or 
detect anomalies, such as cracks, voids, or metal penetra-
tion into the lining [9 – 11]. During the measurements, 

Table 2. Actual wear of the carbon refractory blocks in the hearth of blast furnace No. 5 
in the lower cesspool area between tuyeres 32 and 36

Таблица 2. Фактический износ углеродистых огнеупорных блоков горна ДП № 5 
в районе нижнего выгребного проема между воздушными фурмами 32 и 36

Original 
block length 
(per design), 

mm

Block to the left of the cesspool 
(area of tuyere 36)

Block to the right of the cesspool 
(area of tuyere 32)

Average value across 
the width of the cesspool

residual thickness  
(at the bottom edge 
of the block), mm

erosion, 
mm

residual thickness 
(at the top edge 

of the block), mm

erosion, 
mm

residual 
thickness, mm

erosion, 
mm

1500 1267 233 1353 147 1310 190
1650 1337 313 1383 267 1360 290
1800 1521 279 1627 173 1574 226
1950 1870 80 1926 24 1898 52

Fig. 6. Example of using the Visio tool to determine the residual 
linear size of a carbon refractory block (segment A – B) by scaling 

the known thickness of a cast iron stave (segment C – D) 

Рис. 6. Пример применения инструмента Visio для определения 
остаточного линейного размера углеродистого огнеупорного блока 

(отрезок A – B) способом масштабирования известной толщины 
горнового холодильника (отрезок C – D)
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a mechanical impact on the surface of the structure (using 
a hammer or an impact-mechanical source) generates 
a stress impulse, which propagates through the lining 
layers. The wave is partially reflected due to changes in 
the properties of the lining layer, but the primary wave 
energy propagates through the continuous layers until it 
fully dissipates. Compression waves reach the sensors/
receivers, and the signals are analyzed to provide a quali-
tative assessment of the lining. Factors such as density, 
temperature gradient, geometry, and elasticity properties 
affect the wave speed. A sudden change in density and/
or elasticity properties of the material leads to partial or 
full wave reflection. Thus, signals are reflected by inter-
faces, such as the lining-metal melt boundary or the inter-
faces between refractory blocks. Additionally, stress-free 
zones, such as cracks and voids, also result in partial or 
full reflection of the signals. It should be noted that dur-
ing the AU-E ultrasonic sounding performed by HATCH 
specialists, several significant reservations were made, 
specifically:

– the AU-E method can only detect cracks that run 
parallel to the furnace shell (i.e., perpendicular to the sig-
nal direction from the impact). Any cracks or delamina-
tions parallel to the signal direction (i.e., toward the fur-
nace center) cannot be detected;

– “stable lining” refers to unchanged lining that is in 
almost the same condition as when it was manufactured, 
whereas “modified lining” has likely undergone signifi-
cant changes or cracking.

Comparing the actual erosion lines shown in Fig. 7 
with the results of ultrasonic echo-sounding (AU-E), 
the following conclusions can be drawn:

– in the upper part of the hearth, lined with refractory 
brick containing 43 % Al2O3 , the echo-sounding method 
shows satisfactory accuracy. Actual measurements 
of the minimum residual lining thickness range from 
220 to 330 mm (excluding skull), which corresponds 
to the results of the ultrasonic sounding; 

– in the lower part of the hearth and the bottom, lined 
with carbon blocks, the HATCH specialists’ measure-
ments showed extremely low values of residual lining 
thickness (an average value around the circumference and 
height of the hearth was 540 mm, or 21 % of the original 
thickness, with a minimum value of 240 mm, or 10 % 
of the original thickness). Even considering the reserva-
tions and the “modified lining with skull” line presented 
in the reports, the actual residual thickness of the car-
bon blocks, measured during the repair, exceeded 80 %, 
meaning it was significantly higher. 

Fig. 7. Graphical representation of the actual erosion of the refractory lining in the hearth and bottom areas, 
compared with the ultrasonic echo-sounding data (AU-E) in the regions of the upper (a) and lower (b) cesspools: 

1 – thickness of the residual lining detected by the echo method (AU-E); 
2 – thickness of the modified lining/scull detected by the echo method (AU-E); 
3 – actual erosion line of the refractory lining, discovered during major repairs

Рис. 7. Графическое изображение линий фактического разгара огнеупорной футеровки горна и лещади в сравнении с данными 
ультразвукового зондирования методом AU-E в районах верхнего (a) и нижнего (b) выгребных проемов: 

1 – толщина обнаруженной методом AU-E остаточной футеровки; 
2 – толщина обнаруженной методом AU-E измененной футеровки/гарнисажа; 

3 – фактическая линия разгара огнеупорной футеровки, обнаруженная при проведении капитального ремонта
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The data in Table 2 and Fig. 7 allow for an assessment 
of the effectiveness of the measures taken during the cur-
rent campaign of blast furnace No. 5 to ensure the preser-
vation of the refractory lining in the hearth and bottom. It 
is known that the factors determining the wear of refrac-
tory linings include: 

– abrasive action of liquid iron flows; 
– chemical impact of iron and slag; 
– infiltration and thermomechanical stress in the lin-

ing [12 – 14]. It is widely recognized that the service life 
of the hearth lining is largely determined by the quality 
of the coke being charged, and that there are currently no 
wear-resistant hearth designs [15].  

In the current campaign, measures were developed 
and consistently implemented to prevent the development 
of abrasive action by liquid iron flows in the peripheral 
(near-wall) zone, ensuring the intensive filtration of mol-
ten products through the totterman and good gas perme-
ability in the furnace’s central zone. Under real blast fur-
nace operating conditions, due to fluctuations in the coke’s 
hot strength (CSR), water entering the hearth from defec-
tive elements of the cooling system, and the introduction 
of localized masses of high-melting-point components in 
the blast furnace charge, the porosity of the totterman can 
significantly decrease. Continuous monitoring of the per-
meability of the furnace’s central zone was organized 
through totterman probing. To clean the hearth from high-

Fig. 8. Map of the actual erosion of the refractory lining of blast furnace No. 5 at the end of the 2006 – 2024 campaign

Рис. 8. Карта фактического разгара футеровки ДП № 5 по завершению кампании 2006 – 2024 гг.
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melting-point flux residues and small coke fractions, com-
prehensive washing of the hearth volume was introduced. 
To reduce the chemical erosion of the carbon blocks in 
the hearth and bottom due to the non-equilibrium chemi-
cal composition of the molten iron, a method for control-
ling the technological process was developed by moni-
toring the ratio of actual carbon content in the iron (Ac) 
to the saturation content (Sc ) through the regulation 
of natural gas injection into the furnace.

Comparing the results of the previous campaign of blast 
furnace No. 5 (by the end of 2006, the refractory thickness 
around the iron tapholes did not exceed 200 – 250 mm, 
and the carbon peripheral blocks in the upper bottom 
area, located directly below the tapholes, were deformed 
with cracks and chips in some places) with the data in 
Table 2, we can conclude that the measures taken during 
the current campaign significantly improved the durabi-
lity of the carbon lining in the hearth and bottom. 

As a numerical assessment of the effectiveness of the 
measures to extend the campaign of blast furnace No. 5, 
the total pig iron production per hearth area in the current 
campaign reached 420.0 thousand tons/m2, exceeding 
the previous campaign’s figure of 220.6 thousand tons/m2 
by 1.90 times, or by 90.4 %.

At the same time, the results of the studies on the resi-
dual thickness of the lining indicate that the tuyere zone 
requires the development of additional protective mea-
sures for the next furnace campaign.

 Map of the actual erosion of the refractory
 

lining in BF No. 5

Based on the results of the study of the working space 
of blast furnace No. 5, a comprehensive map of the actual 
erosion of the lining during the 2006 – 2024 campaign 
was created, as shown in Fig. 8.

 Conclusions

As a result of comprehensive studies conducted during 
the first-category overhaul of blast furnace No. 5, the effec-
tiveness of the measures developed and implemented dur-
ing the current campaign to protect the refractory lining 
of the shaft, hearth, and metal receiver of the furnace was 
confirmed. These measures extended the furnace’s service 
life by 1.75 times and ensured its highly efficient opera-
tion throughout the 2006 – 2024 campaign.

Using remote measurement techniques, including 
3D laser scanning, the actual erosion profile of the refrac-
tory lining of blast furnace No. 5 was determined, and 
areas of increased erosion with reduced residual thick-
ness along the height of the furnace were identified. 

The analysis of the actual residual thickness 
of the refractory lining in the hearth of blast furnace 

No. 5 demonstrated satisfactory accuracy of the AU-E 
ultrasonic sounding method in the area of the alumina 
refractory lining of the tuyere zone, but insufficient accu-
racy when measuring the carbon blocks. 
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Аннотация. Пыли и шламы доменного производства – техногенные материалы с высоким содержанием железа и углерода, в которых присут-

ствует также цинк. Повышенное содержание цинка препятствует их рециклингу в аглодоменном переделе и приводит к накоп лению этих 
материалов в отвалах. В настоящей работе исследованы различные варианты переработки образцов доменной пыли (ДП) и доменного 
шлама (ДШ) с извлечением ценных элементов на основе восстановительного обжига и магнитной сепарации. С помощью термодина-
мических расчетов и лабораторных экспериментов изучены три варианта реализации этого способа: магнитная сепарация без предвари-
тельного обжига, а также со стадиями обжига с восстановлением железа до магнетита при 800 °С и металлического железа при 1200 °С 
соответственно. Способы прямой магнитной сепарации без обжига и с предварительным обжигом при 800 °С позволяют получить из 
образцов ДП и ДШ магнитные концентраты с 49 – 63 % Fe, но содержание цинка в них остается повышенным. Лучшие результаты были 
получены с использованием восстановительного обжига при 1200 °C продолжительностью 120 мин, последующего размола образцов 
до –0,054 мм и магнитной сепарации при индукции магнитного поля 0,1 Тл. В результате из ДШ, содержащего 39,5 % Fe и 0,31 % Zn, 
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Abstract. Blast furnace dust and sludge are by-products of ironmaking that contain high levels of iron and carbon, along with zinc. The increased zinc 

content complicates their recycling in the sintering and blast furnace processes, leading to their accumulation in waste dumps. This study investi-
gates different treatment methods for recovering valuable elements from blast furnace dust (BFD) and blast furnace sludge (BFS) through reduc-
tion roasting and magnetic separation. Thermodynamic calculations and laboratory experiments were conducted to evaluate three approaches: 
magnetic separation without the roasting, as well as roasting stages to reduce iron to magnetite at 800 °C or metallic iron at 1200 °C, respectively. 
Direct magnetic separation without roasting and with the preliminary roasting at 800 °C resulted in magnetic concentrates of 49 – 63 % Fe from 
the BFD and BFS samples, but with elevated zinc content. The best results were achieved using reduction roasting at 1200 °C for 120 min, 
followed by grinding the samples to –0.054 mm and magnetic separation with a magnetic field of 0.1 T. As a result, the metallized magnetic 
concentrate containing 73.8 % Fe and 0.048 % Zn was obtained from the BFS sample (initially containing 39.5 % Fe and 0.31 % Zn), while 
a concentrate containing 80 % Fe and 0.019 % Zn was produced from the BFD sample (initially containing 44.6 % Fe and 0.31 % Zn). The iron 
recovery into the concentrates for the BFS and BFD samples was 92.8 and 89.7 %, respectively. The proposed approach can produce valuable 
materials for ferrous and non-ferrous metallurgy from these by-products, increase the efficiency of sintering and blast furnace processes, and 
reduce waste accumulation. 

Keywords: blast furnace dust, blast furnace sludge, processing, reduction roasting, magnetic separation, carbothermic reduction, iron, zinc

Acknowledgements: The work was performed according to a state assignment No. 075-00320-24-00.

For citation: Grudinsky P.I., Yurtaeva A.A., Volkov A.I., Dyubanov V.G. A study on processing of blast furnace dust and sludge using reduction 
roasting and magnetic separation. Izvestiya. Ferrous Metallurgy. 2024;67(5):531–541. https://doi.org/10.17073/0368-0797-2024-5-531-541

A study on processing of blast furnace dust and sludge 
using reduction roasting and magnetic separation

P. I. Grudinsky1 , A. A. Yurtaeva1, A. I. Volkov2, V. G. Dyubanov1

1 Институт металлургии и материаловедения им. А.А. Байкова РАН (Россия, 119334, Москва, Ленинский пр. 49)
2 Центральный научно­исследовательский институт черной металлургии им. И.П. Бардина (Россия, 105005, Москва, 
ул. Радио, 23/9)

1 Baikov Institute of Metallurgy and Materials Science, Russian Academy of Sciences (49 Leninskii Ave., Moscow 119334, 
Russian Federation)
2 I.P. Bardin Central Research Institute of Ferrous Metallurgy (23/9 Radio Str., Moscow 105005, Russian Federation)

Original article 
Оригинальная статья

Исследование процессов переработки 
доменных пыли и шлама с использованием 

восстановительного обжига и магнитной сепарации
П. И. Грудинский1 , А. А. Юртаева1, А. И. Волков2, В. Г. Дюбанов1

©  P. I. Grudinsky, A. A. Yurtaeva, A. I. Volkov, V. G. Dyubanov, 2024

Metallurgical technologies Металлургические технологии

https://doi.org/10.17073/0368-0797-2024-5-531-541
mailto:pgrudinskiy@imet.ac.ru
mailto:pgrudinskiy@imet.ac.ru
https://fermet.misis.ru/index.php/jour/search/?subject=blast furnace dust
https://fermet.misis.ru/index.php/jour/search/?subject=blast furnace sludge
https://fermet.misis.ru/index.php/jour/search/?subject=processing
https://fermet.misis.ru/index.php/jour/search/?subject=reduction roasting
https://fermet.misis.ru/index.php/jour/search/?subject=magnetic separation
https://fermet.misis.ru/index.php/jour/search/?subject=carbothermic reduction
https://fermet.misis.ru/index.php/jour/search/?subject=iron
https://fermet.misis.ru/index.php/jour/search/?subject=zinc
https://doi.org/10.17073/0368-0797-2024-5-531-541
mailto:pgrudinskiy%40imet.ac.ru?subject=
mailto:pgrudinskiy%40imet.ac.ru?subject=


Известия вузов. Черная металлургия. 2024;67(5):531–541.
Грудинский П.И., Юртаева А.А. и др. Исследование процессов переработки доменных пыли и шлама с использованием ...

532

 Introduction

Dust and sludge generated in blast furnace ironmaking 
are by-products with high iron content collected in dry and 
wet gas cleaning systems, respectively. The production 
of such dust and sludge ranges from 5.5 to 40 kg/t of hot 
pig iron [1]. The conventional method for their recycling 
is sintering followed by blast furnace processing. How-
ever, the recycling through the sintering and blast furnace 
route becomes complicated when zinc content in these 
materials increases causing technological difficulties in 
the blast furnace smelting process [2]. When the dust or 
sludge contains >0.05 % Zn, the recycling in the sintering 
process becomes complicated; if the zinc content exceeds 
0.3 – 0.5 % Zn, the recycling is nearly impossible [3]. 
In such cases, dust and sludge are dumped in landfills and 
classified as IV class hazardous waste leading to adverse 
environmental impacts near disposal sites.

Several studies have suggested that blast fur-
nace dust and sludge can be recycled in the produc-
tion of cement [4], ceramics [5], and road construc-
tion [6; 7]; however, these studies do not address 
the recycling of dust and sludge with high zinc content. 
Additio nally, it is possible to use such dust and sludge 
as adsorbents [8; 9], catalysts [10; 11], and for coagu-
lant production [12], but these applications can only 
utilize a small portion of the accumulated and gener-
ated waste. Various approaches have been explored for 
processing blast furnace dust and sludge [13] including 
the recovery of iron, carbon, zinc, and other valuable 
elements by hydrome tal  lurgical, pyrometallurgical, and 
beneficiating methods. Hydrometallurgical processes 
using various solvents are often multistage [14], have 
low selectivity for separating zinc and iron [15], and 
make it impossible to recycle iron-containing residues 
rendering them inefficient for zinc contents <10 % [13]. 
Beneficiating methods for processing blast furnace dust 
and sludge include gravity concentration [16], air clas-
sification [17], flotation [18], magnetic separation [19], 
and their various combinations [20; 21]. These meth-
ods allow for selective separation of carbon and iron 
but struggle to segregate zinc into a separate product. 
In cont rast, pyrometallurgical methods based on zinc 

reduction and evaporation enable selective separation 
of zinc from iron, with the carbon content in the dust 
and sludge serving as a reducing agent [22]. Therefore, 
combining pyrometallurgical and beneficiating methods 
is a promising approach for the comprehensive recovery 
of valuable elements from blast furnace dust and sludge.

In this study, we explore a method for processing blast 
furnace dust and sludge based on carbothermic reduc-
tion roasting and magnetic separation, which has shown 
high efficiency for other materials containing zinc and 
iron [23; 24]. Based on thermodynamic calculations and 
laboratory experiments, we identified the characteristics 
of three variations of this method: without roasting, with 
roasting to reduce iron to magnetite, and with roasting 
to reduce iron to its metallic form. Based on the research 
results, the prospects and directions for recycling of mag-
netic separation products were assessed.

 Materials and methods

Samples of blast furnace sludge (BFS) and blast 
furnace dust (BFD) were obtained from PJSC NLMK 
(Li petsk, Russia). Chemical analysis of the samples was 
carried out using a PANalytical AXIOSmAX Advanced 
X-ray fluorescence spectrometer (Netherlands). The iron 
content in the samples was determined by redox titra-
tion according to GOST 32517-1-2013. Carbon and sul-
fur contents were measured using a LECO CS–400 ana-
lyzer (USA).

Mineralogical analysis of the initial samples was car-
ried out with a DRON-3 diffractometer (Russia) using 
CuKα radiation, while the magnetic separation products 
were analyzed with a Difrey diffractometer (Russia) 
using CrKα radiation. X-ray diffraction (XRD) patterns 
were interpreted using the Match 3.15 software (Ger-
many) [25].

Quantitative determination of divalent and metallic 
iron in the samples was conducted via redox titration, fol-
lowing the methods outlined in GOST 23581.3–79 and 
26482–90, respectively. The proportion of ferric iron was 
calculated as the difference between Fetot and the sum 
of Femet and Fe2+.

получен металлизованный магнитный концентрат с содержанием 73,8 % Fe и 0,048 % Zn, а из ДП, содержащей 44,6 % Fe и 0,31 % Zn – 
металлизованный магнитный концентрат с содержанием 80 % Fe и 0,019 % Zn. Степень извлечения железа в концентрат для ДШ и ДП 
составила 92,8 и 89,7 % соответственно. Предложенный подход позволяет получать ценные материалы для черной и цветной метал-
лургии из техногенного сырья, увеличить эффективность аглодоменного передела и избежать накопления отходов. 

Ключевые слова: доменная пыль, доменный шлам, переработка, восстановительный обжиг, магнитная сепарация, карботермическое восста-
новление, железо, цинк
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Thermodynamic calculations of the equilibrium 
states of iron and zinc compounds at the temperatures 
of the reduction roasting were performed using the Equi-
librium composition module of the HSC Chemistry 9.9 
software (Finland) [26]. The calculations were conducted 
in the temperature range of 300 – 1400 °C, under atmo-
spheric pressure, with an inert atmosphere for 100 kg 
of blast furnace sludge (BFS) or blast furnace dust (BFD).

Laboratory experiments with BFS and BFD were 
carried out using three approaches: magnetic separa-
tion of the samples without the preliminary roasting, 
magnetizing roasting at 800 °C followed by magnetic 
separation, and metallizing roasting at 1200 °C followed 
by magnetic separation. 

Magnetic separation of the samples ground to the 
required particle size was performed using an XCGS-50 
wet tubular magnetic separator (China) with a magnetic 
field of 0.1 T. The separation process was conducted for 
the samples with coarse (–1 mm) and fine (–0.054 mm) 
grinding. A 10 g sample was placed in the separator, pro-
cessed in tap water, and the resulting slurry was filtered 
using vacuum filtration with a suction flask and funnel. 
The separation products were then dried at 100 °C for 
120 min. If needed, the products were further ground for 
additional analyses.

The magnetizing roasting of 50 g samples of BFS and 
BFD at 800 °C was carried out in a muffle furnace for 
30 min. The samples were placed in corundum crucibles, 
inverted, and then positioned inside a larger corundum cru-
cible. The roasting duration was selected based on literature 
data [27 – 29] indicating that full reduction of iron to mag-
netite in similar materials occurs within 30 min. After 
the roasting, the samples were removed from the furnace, 
quenched in water to prevent secondary oxidation of mag-
netite, filtered using a vacuum pump and suction flask, 
and dried at 100 °C for 120 min. The samp les were subse-
quently ground and sieved to the required particle size.

The magnetizing metallizing roasting was conducted 
in a muffle furnace at 1200 °C for 120 min in a nitrogen 
atmosphere. Samples weighting 50 g were placed into 
corundum crucibles on a graphite layer with the +2.5 mm 
fraction, followed by another graphite layer on top. 
The temperature and roasting duration were selected with 
an excess margin to ensure complete iron metallization 
and zinc removal, based on literature data [30], where 
iron reduction and only trace zinc content from a similar 
blast furnace dust sample were achieved at 1200 °C for 
100 min. The samples were heated to 1200 °C at a rate 
of 5 °C/min, held at this temperature for 120 min, and 
then cooled down to 200 °C over 900 min along with 
the furnace. The entire heating, holding, and cooling pro-
cess was carried out in a nitrogen atmosphere (≥99.6 % N2 
and ≤0.4 % O2) to prevent secondary oxidation of iron. 
Two experiments were conducted with the BFS and BFD 

samples: one without any additives and the other with 
a 15 % excess of carbon. High-purity graphite was used 
as a carbon-containing reducing agent. After roasting, 
the samples were ground and sieve to the required size 
for subsequent magnetic separation.

The efficiency of roasting and magnetic separation 
processes was calculated using the following formulas:

           (1)

            (2)

      (3)

      (4)

     (5)

     (6)

            (7)

where γc and γt is yield of magnetic and non-magnetic 
fractions, respectively, %; m0 is initial mass of the samp-
les for magnetic separation, g; mc and mt mass of mag-
netic and non-magnetic fractions obtained after magnetic 
separation, g; εc and εt is iron recovery in the magnetic 
and non-magnetic fractions, respectively, %; % Fe0 is 
total iron content in the initial samples for magnetic 
separa tion, wt. %; % Fec and % Fet is total iron content 
in the magnetic and non-magnetic fractions, respec-
tively, wt. %; μ0 and μс is iron metallization degree in 
the initial samples for magnetic separation and magnetic 
fraction, respectively, %; % Fe0(met) and % Fec(met) is 
metallic iron content in the initial samples for magnetic 
separation and magnetic fraction, respectively, %; ξZn is 
zinc removal degree during roasting, %;  % Znr and 
% Znw is zinc content in the roasted and initial samp les, 
respectively, wt. %; mr and mw is mass the roasted and 
initial samp les, respectively, g.

Zinc content in the samples was analyzed using an 
inductively coupled plasma atomic emission spectrom-
eter (ICP-AES) Vista Pro (Australia). The zinc content in 
the form of ZnO was determined according to the proce-
dure outlined in [31], which involved sample leaching in 
an aqueous solution of NH4Cl + NH4OH. A 0.5 g sample 
was placed in a conical flask containing 50 ml of the solu-
tion prepared by dissolving 22 g of NH4Cl in a mixture 
of 80 ml of NH4OH (density 0.9 g/cm3) and 120 ml of water. 
The solution and sample were stirred on a magnetic agita-
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tor at 50 – 60 °C for 120 min, then filtered. The zinc con-
tent in the filtrates was then analyzed using the ICP-AES 
device.

 Results and discussion

Table 1 presents the elemental composition of the BFS 
and BFD samples, while Fig. 1 shows the XRD patterns 
of the samples with the identified phases marked.

The main components of the BFS and BFD samples are 
iron and carbon. The iron content in BFD is higher than 
in BFS, whereas the carbon content is lower. The level 
of phosphorus and sulfur, which are the main harmful 
impurities in iron and steel metallurgy, along with other 
undesirable impurities such as arsenic and copper, are 
within acceptable limits for the recycling in sintering and 
blast furnace processes. However, the eleva ted zinc con-
tent, as shown in the data, poses a significant challenge 
for the recycling these wastes in iron and steel metal-
lurgy.

As indicated by the XRD patterns, the primary mine-
rals of both samples are hematite and magnetite, which 
are the main components of iron ore raw materials used 
in blast furnace operations. Metallic iron and wustite 
are present in significantly smaller quantities. Carbon 
in the samples is predominantly in the form of graphite, 
which originates from coke and enters the gas cleaning 
waste, along with a small amount of calcite. The high 
graphite content in the samples is advantageous for 
the reduction roasting process. It should be noted that 
an amorphous ring is present in both XRD patterns, 
likely due to the presence of blast furnace slag particles 
in the wastes. The BFS sample contains small amounts 
of hydrate minerals, such as ettringite and gypsum, 
which were likely formed during the wet gas cleaning 
process.

The analysis of iron form distribution in BFS and BFD 
revealed that the majority of iron in both the samples is 
in the trivalent form (Fe3+), accounting for 90.9 % in BFS 
and 89.1 % BFD. Divalent iron (Fe2+) constitutes 6.1 and 
7.7 % of the iron in BFS and BFD, respectively, while 
metallic iron (Femet) accounts for 3.0 and 3.2 %, respec-
tively. Therefore, the distribution of iron forms in BFS 
and BFD is quantitatively similar.

The composition of the BFS and BFD used for ther-
modynamic calculation based on the results of chemi-

cal and mineralogical analyses and was adopted as fol-
lows, wt. %:

– BFS: 44.27 Fe2O3 ; 9.94 Fe3O4 ; 1.20 Fe; 21.43 C; 
0.29 ZnO; 1.15 MgO; 6.11 SiO2 ; 0.93 CaSO4 ; 13.12 CaCO3 ; 
0.60 Al2O3 ; 0.26 ZnFe2O4 ; 0.21 Ca(OH)2 ; 0.16 Al2(SO4 )3 ;

– BFD: 46.86 Fe2O3 ; 14.32 Fe3O4 ; 1.42 Fe; 14.97 C; 
0.07 ZnO; 1.01 MgO; 5.75 SiO2 ; 1.67 CaMgSi2O6 ; 
11.91 CaCO3; 0.81 CaSO4 ; 1.11 Al2O3 .

Table 1. Chemical composition of the BFS and BFD samples, wt. %

Таблица 1. Химический состав образцов ДШ и ДП, мас. %

Waste Fe Zn Al Ca Si Mg K Mn Cr Cu Ti P Pb As S C
BFS 39.5 0.31 0.75 5.61 2.86 0.69 0.01 0.19 0.02 0.011 0.066 0.049 0.198 0.02 0.24 23.0
BFD 44.6 0.06 0.59 5.29 3.12 0.80 0.05 0.21 0.02 – 0.048 0.048 – 0.01 0.17 16.4

Fig 1. XRD patterns of BFS (a) and BFD (b): 
H – hematite (α-Fe2O3 ); M – magnetite (Fe3O4 ); C – calcite (CaCO3 ); 

G – graphite (C); Q – quartz (SiO2 ); I – iron (α-Fe); W – wustite (FeO); 
E – ettringite (Ca6Al2(SO4)3(OH)12ꞏ26H2O); D – diopside (CaMgSi2O6 ); 

P – periclase (MgO); Z – zincite (ZnO); S – gypsum (CaSO4∙2H2O) 

Рис. 1. Дифрактограммы ДШ (а) и ДП (b): 
H – гематит (α-Fe2O3 ); M – магнетит (Fe3O4 ); C – кальцит (CaCO3 ); 

G – графит (C); Q – кварц (SiO2 ); I – железо (α-Fe); 
W – вюстит (FeO); E – эттрингит (Ca6Al2(SO4)3(OH)12ꞏ26H2O); 

D – диопсид (CaMgSi2O6 ); P – периклаз (MgO); Z – цинкит (ZnO); 
S – гипс (CaSO4∙2H2O)
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Fig. 2 illustrates the equilibrium amounts of iron 
and zinc compounds, as well as graphite in the system 
based on BFS and BFD at temperatures ranging from 300 
to 1400 °C.

According to the data obtained, the reduction of iron 
to metal and the evaporation of metallic zinc are ther-
modynamically probable at temperatures above 700 °C. 
It should be noted that the amount of carbon in both sam-
ples is sufficient for the reduction of iron and zinc, although 
the BFD system contains a small amount of iron sulfide 
(Fig. 2, с). In the BFS system, the carbon content is more 
than sufficient, as evidenced by the presence of 7 – 10 kg 
of excess graphite at temperatures above 700 °С.

Literature data suggest that, contrary to thermodynamic 
calculations, favorable kinetic conditions for the carboth-
ermic reduction of iron to metal only occur at temperatures 
above 1000 °C [32]. At temperatures of 700 – 900 °C, 
the magnetizing roasting with the carbothermic reduc-
tion of iron to Fe3O4 is possible [29]. These findings were 
taken into account in the experiments.

Table 2 lists the results of the analysis of the roasted 
samples obtained from BFS and BFD.

As shown in Table 2, the iron content in the samples 
after the roasting at 800 °C increases slightly. The con-

tent of metallic iron decreases due to its oxidation during 
the roasting. The degree of zinc removal in these samp les 
is negligible, with only a slight change in the ZnO conte nt.

After the roasting at 1200 °C, the iron content increases 
further, with most of the iron transforming into a metal-
lic form. The iron content in the samples with an excess 
of carbon is lower than in the samples without the car-
bon addition, due to the presence of residual unreacted 
gra phite. The degree of iron metallization in the samples 
ranges from 84 to 96 %. It is worth noting that the addi-
tion of carbon decreases the degree of iron metalliza-
tion in the BFS sample, while it increases it in the BFD 
samp le. The degree of zinc removal during the roasting is 
approximately 93 % for the BFS sample and 54 – 68 % for 
the BFD sample. The residual zinc content in the roasted 
samples is in the range of 0.02 – 0.04 % indicating that 
these roasted samples could potentially be used as part 
of the sinter burden without subsequent magnetic sepa-
ration. Furthermore, the reduction roasting process can 
yield an additional valuable by-product: a sublimate with 
a high zinc content.

Table 3 shows the characteristics of the magnetic 
separation process for BFS and BFD samples, along 
the analysis results of the products.

Fig. 2. Equilibrium amounts of graphite and iron compounds (a, c), as well as zinc compounds (b, d) 
in the BFS (а, b) and BFD (c, d) at 300 – 1400 °C

Рис. 2. Равновесные количества графита и соединений железа (а, c), а также соединений цинка (b, d) 
в ДШ (а, b) и ДП (c, d) при 300 – 1400 °C
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Table 3. Yield, recovery degree and content of Fe and Zn in magnetic and non­magnetic fractions obtained  
from BFS and BFD using magnetic separation, as well as roasting at 800 and 1200 °C followed by magnetic separation

Таблица 3. Выход, степень извлечения и содержание Fe и Zn в магнитной и немагнитных фракциях, 
полученных из ДШ и ДП магнитным, а также обжиг­магнитным методами с обжигом при 800 и 1200 °С

Waste Roasting 
conditions

Magnetic 
separation 
conditions

Fraction  
yield (γ), %

Fe recovery 
degree in the 

fraction (ε), %

Content  
in the fraction, wt. %

Fe 
metallization 

degree in 
magnetic 
fraction 
(μc ), %

magn. non-
magn. magn. non-

magn.
magn. non-

magn.

Fetot Zn Fetot

BFS 

No roasting
0.1 T, –1 mm 35.30 58.90 45.7 50.30 51.1 0.260 33.70 9.34

0.1 T, –0.054 mm 33.40 62.80 52.7 45.50 62.3 0.210 28.60 8.42

800 °C, 30 min
0.1 T, –1 mm 79.50 17.90 97.3 2.05 51.4 0.390 4.73 9.62

0.1 T, –0.054 mm 63.80 32.30 94.6 3.45 61.0 0.430 4.40 8.25

1200 °C, 120 min
0.1 T, –1 mm 84.20 14.00 90.8 1.91 63.8 n/d 8.04 94.60

0.1 T, –0.054 mm 74.40 22.50 92.8 4.00 73.8 0.048 10.50 88.90

1200 °C, 120 min, 
+ 15 % С

0.1 T, –1 mm 85.20 13.60 90.0 3.68 52.0 n/d 13.30 89.50

0.1 T, –0.054 mm 63.30 36.20 84.2 8.69 65.6 0.048 11.80 88.70

BFD

No roasting
0.1 T, –1 mm 62.00 38.70 68.3 26.20 49.1 0.120 30.20 9.80

0.1 T, –0.054 mm 45.60 50.80 63.4 35.00 63.0 0.070 28.60 8.08

800 °C, 30 min
0.1 T, –1 mm 80.00 21.50 92.1 1.73 52.9 0.080 3.70 9.01

0.1 T, –0.054 mm 71.20 22.80 92.6 5.74 61.0 0.100 11.60 7.97

1200 °C, 120 min
0.1 T, –1 mm 91.40 8.86 97.2 2.18 68.7 n/d 15.80 89.00

0.1 T, –0.054 mm 77.80 18.90 93.5 4.93 76.9 0.066 16.60 89.40

1200 °C, 120 min, 
+ 15 % С

0.1 T, –1 mm 85.80 13.50 96.8 2.16 65.5 n/d 9.31 93.10

0.1 T, –0.054 mm 65.00 31.50 89.7 7.85 80.0 0.019 14.50 92.30

N o t e: n/d – no data.

Table 2. Chemical composition of the BFS and BFD samples and the products of their roasting at 800 and 1200 °C, 
along with the zinc removal degree

Таблица 2. Химический состав ДШ и ДП и продуктов их обжига при 800 и 1200 °C, 
а также степень удаления из них цинка

Initial 
sample Roasting conditions

Content, wt. % Zn removal 
degree (ξZn), %

Fe metallization 
degree (μ0), %Fetot Zntot ZnZnO

BFS

No roasting 39.48 0.310 0.230 – 3.03

800 °C, 30 min 41.16 0.320 0.210 1.0 2.03

1200 °C, 120 min 59.18 0.030 n/d 93.2 90.4

1200 °C, 120 min, + 15 % С 49.26 0.023 n/d 93.5 88.4

BFD

No roasting 44.56 0.060 0.055 – 3.19

800 °C, 30 min 45.97 0.062 0.060 0.5 1.21

1200 °C, 120 min 63.92 0.039 n/d 54.3 84.5

1200 °C, 120 min, + 15 % С 58.02 0.023 n/d 68.2 96.2

N o t e: n/d – no data.
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As indicated by the data, after all types of roasting, fine 
grinding (–0.054 mm) leads to a significantly higher iron 
content in the magnetic concentrates compared to coarse 
grinding (–1 mm). On average, across all experiments, 
the iron content in the magnetic concentrates obtained 
after fine grinding is 11.2 % higher, and this trend is con-
sistent for both BFS and BFD samples. However, it is 
important to note that due to the high cost associated with 
fine grinding equipment, fine grinding operations and 
the required significant investment for grinding [33], fine 
grinding does not always improve the overall efficiency 
of processing flowsheets. Therefore, specific technical 
and economic conditions of an enterprise should be con-
sidered when selecting process parameters.

Magnetic separation without preliminary roast-
ing yielded magnetic concentrates with an iron content 
of 49 – 62 %, which differs insignificantly from the con-
centrates produced with roasting. However, the yield 
of the concentrates and the degree of iron recovery were 
relatively low, and the iron content in the non-magnetic 
tailings remained substantially higher. This is primarily 
due to the high hematite content in the initial samples. 
In this case, most of the zinc passed into the tailings, 
although the zinc content in the magnetic concentrates 
was only slightly lower than in the original BFS and BFD 
samples. These findings align with those of [19], where 
it was found that increasing the magnetic field strength 
to 0.3 T during direct magnetic separation of blast fur-
nace sludge could improve iron recovery to 78 %. Howe-
ver, the study did not address the issue of increased zinc 
content in the magnetic separation products.

The preliminary roasting of the BFS and BFD samples 
at 800 °C followed by magnetic separation produced mag-
netic concentrates with an iron content of 51 – 61 % and 
an iron recovery degree of 92 – 97 %. These results differ 
from those of other studies, where magnetizing roasting 
of blast furnace dust at 600 – 800 °C with sawdust [34] 
and charcoal [35] was followed by magnetic separa-
tion, resulting in an iron recovery degree of approxi-
mately 85 %, which is lower than the values obtained in 
this study. Furthermore, those studies demonstrated that 
the use of sawdust or charcoal additives during the roas-
ting enabled the transformation of a significant portion 
of zinc into ZnO resulting in concentrates with reduced 
zinc content (0.15 – 0.19 %) after magnetic separation. 
In contrast, despite achieving higher magnetic separation 
indicators in this study, no significant zinc transforma-
tion to ZnO occurred during the roasting (see Table 2). 
It should be noted that the most of the zinc passed into 
the magnetic concentrates, with the increased zinc con-
tent (0.39 – 0.43 % in the BFS sample) complicating 
the use of the obtained concentrates in sintering and blast 
furnace processes.

Thus, our study has shown that direct magnetic sepa-
ration of the BFS and BFD samples, as well as the roas-

ting-magnetic approach with carbothermic reduction 
at 800 °C, does not eliminate the elevated zinc content, 
which remains the primary challenge in processing blast 
furnace dust and sludge.

The metallizing roasting of the BFS and BFD samples 
at 1200 °C followed by magnetic separation produced 
magnetic concentrates with an iron content of 52 – 80 % 
and an iron metallization degree of 88.7 – 94.6 %, 
while the iron recovery in the concentrates reached 
84.2 – 97.2 %. The zinc content in the concentrate 
obtained from the BFD sample with carbon addition was 
lower than in the sample without it. The zinc content 
of 0.048 % in the concentrates obtained from the BFS 
sample is below the limit for sinter product (0.05 %) 
allowing them to be used without issue in sintering pro-
cesses.

The addition of carbon to the BFS sample did not 
improve the iron recovery or metallization degree in 
the concentrate; in fact, it slightly reduced the iron con-
tent due to the presence of excess unreacted carbon, con-
sistent with the thermodynamic calculations (Fig. 2, a). 
In contrast, BFD processing using the roasting-magnetic 
method with carbon addition, followed by grinding 
to a particle size of –0.054 mm, resulted in an increase in 
both the iron content and metallization degree in the con-
centrate. This is likely due to the insufficient initial carbon 
amount in BFD to fully reduce the iron, as suggested by 
the absence of residual graphite in the equilibrium state 
after iron reduction, in contrast to the BFS case (Fig. 2, c). 
The iron content in the tailings ranged from 8.0 to 16.6 % 
with an iron recovery degree in the tailings of 1.9 – 8.7 % 
indicates the efficiency of iron extraction from blast fur-
nace waste using the roasting and magnetic separation 
process.

Based on laboratory experiments, the optimal con-
ditions for BFS and BFD processing were identified 
as follows: roasting at 1200 °C for 120 min, grinding 
the roasted samples to –0.054 mm, magnetic separation 
at a field strength of 0.1 T. The best magnetic separation 
results were observed for BFS without carbon addition 
and for BFD with 15 % carbon addition. Table 4 presents 
the chemical composition of these magnetic concentrates, 
while Fig. 3 illustrates their XRD patterns.

From the results obtained, it is evident that, in addi-
tion to metallic iron, the magnetic concentrates contain 
a considerable amount of silicates such as akermanite, 
gehlenite, merwinite, and anorthite, which formed during 
the roasting from the initial BFS and BFD components. 
A small amount of iron carbide was also present. The pri-
mary phase in the tailings is graphite. The concentrates 
and tailings also contain minor amounts of iron oxides, 
such as magnetite, maghemite, and hematite, which were 
likely formed during sample cooling due to secondary 
oxidation caused by the presence of oxygen impurities 
in the inert gas. The mineralogical composition of the 
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Table 4. Chemical composition of magnetic concentrates obtained from BFS and BFD 
using reduction roasting and magnetic separation 

(roasting at 1200 °C, 120 min; grinding to –0.054 mm; magnetic separation at 0.1 T), wt. %

Таблица 4. Химический состав магнитных концентратов, полученных из ДШ и ДП путем 
восстановительного обжига и магнитной сепарации 

(обжиг 1200 °С, 120 мин; размол –0,054 мм; магнитная сепарация при 0,1 Тл), мас. %

Initial sample
Content, wt. %

Fe Zn Al Ca Si Mg P
BFS 73.8 0.048 0.72 6.29 2.93 0.96 0.060

BFD + 15 % C 80.0 0.019 0.31 3.47 1.99 0.63 0.036

Fig. 3. XRD patterns of magnetic concentrate and non-magnetic tailings 
obtained from BFS (a) and BFD with 15 % C (b) 

by roasting–magnetic method (roasting at 1200 °C, 120 min; 
grinding to –0.054 mm; magnetic separation at 0.1 T): 

I – (α-Fe); H – hematite (α-Fe2O3 ); Y – maghemite (γ-Fe2O3 ); 
M – magnetite (Fe3O4 ); G – graphite (C); A – okermanite (Ca2MgSi2O7 ); 

T – gehlenite (Сa2Al2SiO7 ); R – merwinite (Ca3MgSi2O8 ); 
V – anorthite (CaAl2Si2O8 ); C – calcite (CaCO3 ); N – cementite (Fe3C) 

Рис. 3. Дифрактограммы магнитного концентрата и немагнитных 
хвостов, полученных из ДШ (а) и ДП c присадкой 15 % C (b) 

обжиг-магнитным методом (обжиг 1200 °С, 120 мин; 
размол –0,054 мм; магнитная сепарация при 0,1 Тл): 

I – (α-Fe); H – гематит (α-Fe2O3 ); Y – маггемит (γ-Fe2O3 ); 
M – магнетит (Fe3O4 ); G – графит (C); A – окерманит (Сa2MgSi2O7 ); 

T – геленит (Сa2Al2SiO7 ); R – мервинит (Ca3MgSi2O8 ); 
V – анортит (CaAl2Si2O8 ); C – кальцит (CaCO3 ); 

N – цементит (Fe3C)

concentrate and tailings obtained from the BFS and BFD 
samples shows only slight differences.

After the roasting and magnetic separation under 
the conditions above, the magnetic concentrate with low 
zinc content can be recycled as part of the sinter burden. 
The zinc-containing sublimate obtained during the reduc-
tion roasting can be considered as a raw material for zinc 
production, while the non-magnetic tailings obtained 
during magnetic separation can be used as a raw mate-
rial in the production of construction materials. Another 
option is to bypass the magnetic separation stage after 
the reduction roasting of BFS and BFD, which would 
avoid the costly grinding of the roasted product and allow 
the direct recycling in sinter production. However, this 
would result in the introduction of gangue into the blast 
furnace charge. A significant advantage of the obtained 
concentrates is the high reduced iron content, which 
accelerates the agglomeration process. The use of such 
concentrates in sinter production reduces the consumption 
of coke and lime, enables waste recycling, and decreases 
the need for natural iron-containing raw materials.

It is also worth noting that the metallized concentrates 
could potentially be used as a charge for electric arc fur-
nace smelting. However, the concentrates do not cur-
rently meet the requirements of existing enterprises [36], 
which include % Fetot ≥ 88, % Femet ≥ 79, iron metalli-
zation degree ≥90 %, % P ≤ 0.015, % Si ≤ 0.5. In order 
to evaluate the feasibility of using these concentrates in 
steelmaking, further industrial testing is needed, along 
with possible adjustments to metallized raw material 
requirements for EAF smelting and improvements in 
the roasting and magnetic separation processes for blast 
furnace dust and sludge.

 Conclusions

The study has shown that the optimal solution for 
processing BFS and BFD samples is preliminary mag-
netizing roasting at 1200 °C for 120 min, followed 
by grinding to –0.054 mm and magnetic separation with 
a magnetic field of 0.1 T. This process resulted in a dezin-
ced magnetic concentrate from BFS with an iron content 
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of 73.8 %, an iron metallization degree of 88.9 %, and 
an iron recovery degree of 92.8 %. For BFD, the addition 
of 15 % carbon produced a dezinced magnetic concen-
trate with an iron content of 80 %, an iron metallization 
degree of 92.3 %, and an iron recovery degree of 89.7 %.
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Аннотация. Объектом исследования являются гидроотвалы складирования отходов первичного и вторичного обогащений железной руды 

(хвостохранилища). В ходе исследования получены данные минералогического состава образцов почвообразующей породы техногенных 
ландшафтов. Рассматриваемый показатель является одним из основных факторов почвообразования при изучении литологии на более 
низком иерархическом уровне. Минералогический состав оказывает влияние на содержание и соотношение в почвах элементов питания 
и токсикантов, процессы ионного обмена, устойчивость почв к деградации и общее плодородие почв. Он является матрицей формиро-
вания почв и регулирует трансформацию, миграцию и аккумуляцию в почве веществ, энергии и информации внешней среды и антро-
погенного воздействия. Гидроналивной способ складирования отходов оказывает влияние на пространственное распределение мате-
риала в хвостохранилищах. Прежде всего выделяется контрастное сложение по гранулометрическому составу из-за осаждения частиц 
в водных условиях под действием гравитационного поля. Скорость осаждения зависит от массы, размера, формы и плотности вещества 
частиц, вязкости и плотности среды, а также от ускорения, силы тяжести и действующих на частицы центробежных сил. Несмотря 
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Abstract. Hydraulic dumps for storing waste from primary and secondary iron ore processing (tailings dumps) were selected as objects for research. 

In the course of the study, data on the mineralogical composition of soil-forming rock samples of technogenic landscapes were obtained. This 
indicator is one of the main factors of soil formation when considering lithology at a lower hierarchical level. The mineralogical composition influ-
ences the content and ratio of nutrients and toxicants in soils, ion exchange processes, soil resistance to degradation and overall soil fertility. The 
mineralo gical composition is the matrix of soil formation and regulates the transformation, migration and accumulation of matter, energy and infor-
mation of the external environment and anthropogenic impact in the soil. The hydraulic filling method of waste storage has an impact on the spatial 
distribution of material in tailings dumps. First of all, a contrasting addition in terms of granulometric composition is distinguished due to the deposi-
tion of particles in aqueous conditions under the influence of a gravitational field. The deposition rate depends on the mass, size, shape and density 
of the particle substance, viscosity and density of the medium, as well as on acceleration, gravity and centrifugal forces acting on the particles. Despite 
a significant amount of research on the effect of mineralogical composition on soil development, this problem was not sufficiently studied. This deter-
mines the absence of generally accepted indicators of the development rate of soils formed on a man-made mineral substrate and the accumulation 
degree of biophilic elements in such soils. 

Keywords: mineralogical composition, soil-forming rocks, tailings dump, soils of man-made landscapes, granulometric composition
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 Introduction

Kuzbass is one of Russia’s most industrially developed 
regions. High concentration of industrial enterprises, com-
bined with the unsustainable use of natural resources, has 
led to the creation of man-made landscapes on land that was 
once fertile. In the southern part of Kemerovo Region – 
Kuzbass, the EVRAZ United West-Siberian Metal lurgical 
Plant (EVRAZ ZSMK) is located, a full-cycle facility that 
produces rolled metal for the construction, railway, and 
other industries. The raw material used is iron ore, which 
is processed at the Abagur beneficiation and sinte ring plant 
(formerly the Mundybash beneficiation plant). The ore 
processing generates waste (enrichment tailings) that is 
stored in hydraulic dumps. As a result, man-made land-
scapes have emerged in the region, where young soils are 
now beginning to form on their surfaces.

The mineralogical composition of soils is a key factor 
that directly influences their physical and chemical pro-
perties, as well as the processes occurring within them. 
It serves as a matrix for the development of soil proper-
ties, regulating the transformation, migration, and accu-
mulation of matter, energy, and environmental informa-
tion. Unlike other factors such as climate, topography, and 
vegetation, which determine the mechanisms and pace 
of soil formation, the mineral substrate provides the mate-
rial foundation from which the soil profile develops [1; 2].

Studying the mineralogical composition not only aids in 
understanding soil properties but also in grasping the gene -
sis of newly forming man-made soils, as it sets the stage 
for the direction and intensity of soil-forming processes 
(humus accumulation, internal weathering, illimerization, 
podzolization, gleying, brunification, and more). There-
fore, determining and accounting for mineralogical com-
position is essential when classifying soils [1; 3; 4]. 

The main aim of this work is to investigate the mine-
ralogical and granulometric composition of rocks from 
primary and secondary iron ore enrichment tailings, 
where the formation of young soils (embryozems) is cur-
rently underway.

 Objects and methods of research

The objects of the study were the hydraulic dumps 
of the Mundybash beneficiation plant (primary) 

(N53°13ʹ28.90ʺ E86°16ʹ04.01ʺ) and the Abagur benefi-
ciation and sintering plant (secondary) (N53°42ʹ11.95ʺ 
E87°14ʹ12.50ʺ).

The Mundybash beneficiation plant was built between 
1931 and 1935 to enrich iron ore from the nearby Telbes 
mine of the Kuznetsk Metallurgical Plant. The plant ope-
rated until April 2015, after which it ceased its activities. 
The hydraulic dump has presumably been out of opera-
tion since 2000.

The Abagur beneficiation and sintering plant processes 
primary concentrates and produces secondary concent-
rate. The plant’s product is supplied to EVRAZ ZSMK. 
The production capacity of units 1 and 2 is 3.560 million 
tons of industrial products per year and 2.780 million tons 
of concentrate (from the mines of Gornaya Shoria and 
Abakanskoye Mine). The production capacity of unit 3 
is 2.858 million tons of industrial products per year and 
1.960 million tons of concentrate (from the Teiskoe mine 
and 10 % from the Gornaya Shoria mines). The stu died 
hydraulic dump has been out of operation since 2001. 

At each of the studied iron ore hydraulic dumps, four 
concentric zones were identified, differing in the degree 
of material dispersion (the mouth, main, near-core, and 
core zones). The upper part of the sedimentation basin 
(mouth zone) is characterized by a light mechanical 
composition and high drainage capacity. The main zone, 
formed by particles of medium dispersion, occupies most 
of the tailings area. The near-core and core zones, which 
are thixotropic or water-covered, form the accumulative 
center of the drainage basin. In each zone, samples were 
taken from a 0 – 40 cm layer, as this layer potentially acts 
as the accumulation zone for 90 % of root mass.

The mineralogical and petrographic compositions 
of samples from different sedimentation zones of the tai-
lings were studied using an MBS-10 stereoscopic micro-
scope (magnification 8 – 16) in reflected light. The study 
included the examination of external (macroscopic) cha-
rac teristics and physical properties. In some cases, simple 
microchemical drop reactions and powder reactions were 
applied [5; 6].

Granulometric composition, as one of the important 
indicators of soil that affects many aspects of soil exis-
tence and functioning, was analyzed using the Kachinsky 
pyrophosphate method of sample preparation. The analy-

на значительное количество исследований по влиянию минералогического состава на развитие почв, данная проблема изучена недоста-
точно. Это определяет отсутствие общепринятых показателей скорости развития почв, формирующихся на техногенном минеральном 
субстрате, и степени накопления в таких почвах биофильных элементов. 
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sis focused on fractions of physical sand and physical 
clay with sizes greater than 0.01 mm (up to 1 mm) and 
less than 0.01 mm. 

 Research results

The hydraulic filling method of storing ore enrich-
ment waste influences the spatial distribution of material 
in the hydraulic dumps. A contrasting structure in terms 
of granulometric composition is primarily distinguished 
due to particle sedimentation in aqueous conditions 
under the influence of the gravitational field. The rate 
of sedimentation depends on the mass, size, shape, and 
density of the particle substance, the viscosity and den-
sity of the medium, as well as acceleration, gravitational 
force, and centrifugal forces acting on the particles.

All sedimentation zones exhibit spatial heteroge neity 
in granulometric composition: an increase in the clay con-
tent and a decrease in sand fractions are observed from 
the mouth zone to the core zone (see Table). All samples 
consisted of fine earth, with no particles larger than 1 mm. 
The redistribution of clay fractions in the sedi mentation 
zones at all research sites follows a similar pattern, with 
the relative quantities in each zone forming the follow-
ing sequence: fine silt (about 50 %) – medium silt (about 
30 %) – clay (about 20 %). The redistribution of fractions 
within the physical sand group across all studied sites is 
heterogeneous and depended on the type of disintegrated 
rock.

The mouth zone, located at the outer perimeter of the 
hydraulic dumps, is characterized by a sandy (Mundy-

bash beneficiation plant) or sandy loam (Abagur sinte-
ring plant) granulometric composition. In this zone, soil 
formation is slow across all observation sites, so the soil 
cover mainly consists of initial embryozems. The vege-
tation cover is either absent or represented by isolated 
specimens of ruderal vegetation from the xerophytic eco-
group. In the physical sand fraction of the Mundybash 
plant hydraulic dump, just under 50 % of the particles are 
fine sand, while the remainder is equally divided between 
coarse-medium sand and coarse dust. A similar pattern 
of sand fraction distribution is observed in the hydrau-
lic dump of the Abagur sintering plant. In general, it is 
worth noting that the highest degree of deflation and ero-
sion processes is observed in this zone on the surface 
of the hydraulic dumps. 

The mineralogical composition includes both pri-
mary and secondary minerals. The mineral composition 
of the Mundybash plant hydraulic dump is characte-
rized by the presence of magnetite fragments less than 
0.5 mm (about 10 %), and occasionally up to 1.5 mm; 
isolated inclusions of molybdenite; numerous calcite 
crystals, including marble fragments ranging in size from 
1.5 to 2.0 mm and smaller; serpentine fragments (1.5 
to 2.0 mm) about 10 – 15 %; isolated talc flakes; pyroxe-
nes less than 5 %; and rare quartz. For the Abagur sin-
tering plant, the mineral composition includes magnetite 
dust (about 5 – 10 %); isolated occurrences of iron slag 
and chalcopyrite; isolated pyrite; calcite crystals, and 
a dominance of marble fragments; quartz around 10 %; 
muscovite about 20 %; pyroxenes around 1 – 3 %; and 
rare occurrences of amphibole and gypsum (selenite). 

Granulometric composition of sludge from tailings dumps 

Гранулометрический состав шламов хвостохранилищ 
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Hydraulic dump of the Mundybash Beneficiation Plant
IV E. initial 23.31 42.35 24.77 3.41 4.63 1.52 9.6 90.4
III E. organo-accumulative 0.42 6.60 65.52 10.15 13.32 3.99 27.5 72.5
III E. turf 3.94 19.67 36.42 14.55 20.20 5.21 40.0 60.0
I E. coarse-humus-accumulative gley 0.49 0 43.04 21.10 28.03 7.34 56.5 43.5

Hydraulic dump of the Abagur Sintering Plant
IV E. initial 22.67 33.41 19.61 8.96 12.44 2.91 24.3 75.7
III E. organo-accumulative 28.91 16.40 26.03 9.11 14.23 5.32 28.7 71.3
III E. organo-accumulative gley 4.10 0 25.54 28.42 34.65 7.30 70.4 29.6
I E. organo-accumulative gley 0.96 0 26.05 27.35 36.94 8.71 73.0 27.0

N o t e. E. – Embryozem; I – Core Zone; II – Near-core Zone; III – Main Zone; IV – Mouth Zone.
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The presence of secondary minerals, such as goethite 
and hematite, is characteristic of the sedimentation zone 
of the tailings, although they occur infrequently.

Based on observations, organo-accumulative embryo-
zems have formed in the main sedimentation zone of the 
two hydraulic dumps [7; 8]. The surface is covered 
with ruderal vegetation from the xerophytic ecogroup, 
with a total projected coverage not exceeding 2 – 5 %. 
The total physical sand content in this zone ranges from 
71 to 90 %, and the granulometric composition of the 
hydraulic dumps corresponds to light loam. Nevertheless, 
the redistribution of sand fractions differs across each 
site: at the Mundybash beneficiation plant tailings dump, 
the predominant fraction is 0.05 – 0.01 mm (approxi-
mately 90 %), while at the Abagur sintering plant, it is 
1.00 – 0.25 mm (about 39 %) and 0.05 – 0.01 mm (about 
36 %). Erosion processes are evident on the surface, with 
rills 15 to 40 cm deep and clear signs of deflation pro-
cesses. 

The mineralogical composition of the Mundybash 
beneficiation plant zone consists of fragments smaller 
than 0.5 mm (about 10 %) of magnetite and iron slag, 
with a dominance of calcite crystals and marble fragments 
less than 0.5 mm (occasionally 1.0 – 1.5 mm); serpentine 
fragments less than 0.5 mm (rarely 1.0 – 1.5 mm) make 
up about 5 %; isolated flakes of talc and quartz; pyro xene 
fragments 1.0 – 1.5 mm and smaller (about 1 – 5 %). 
Goethite presents as a secondary mineral, albeit rarely. 
The mineralogical composition in the main zone of the 
tai lings dump is identical to that of the mouth zone, al thou gh 
the fragments are smaller (less than 0.5 – 1.0 mm). In 
the dust fraction: magnetite (about 5 – 10 %), with cal-
cite, quartz, and muscovite dominating; pyroxenes are 
present, and secondary minerals are absent.

The near-core zone serves as a distinct transitional 
boundary marked by the predominance or significant 
increase of physical clay in the granulometric compo-
sition. This increase is due to the specific conditions 
of hydraulic filling in the hydraulic dump and the sedi-
mentation of rock particles, as well as the influx of fine 
dust fractions resulting from erosion processes dur-
ing rainfall. The shift in granulometric composition 
from medium loam to medium clay (see Table) leads 
to the formation of turf and organo-accumulative or 
organo-accumulative gleyic embryozems (with traces 
of iron oxides due to seasonal waterlogging) on the sur-
face of the hydraulic dumps. As a result, differences are 
observed in the ecogroups of ruderal vegetation that have 
formed. In the main zone, mesoxerophytic or xerome-
sophytic groups dominate, with a projected coverage 
of up to 10 %, and on the Mundybash plant hydraulic 
dump, up to 50 %. 

The mineralogical composition of the beneficiation 
plant tailings dump consists of particles smaller than 

0.5 mm of iron slag and magnetite (about 10 %); frag-
ments of coal and slag; calcite crystals and marble frag-
ments measuring 1.0 – 0.5 mm and smaller (about 3 %); 
isolated quartz and talc flakes; and numerous fragments 
of modern vegetation. Secondary minerals are absent. 
The mineralogical composition of the near-core zone 
of the sintering plant tailings dump is identical to that 
of the mouth zone but has some distinct features: mineral 
fragments are smaller (less than 0.5 – 1.0 mm); magnetite 
dust content is about 5 – 10 %; quartz and calcite domi-
nate; pyrite content is around 0.5 %; secondary minerals 
are absent.

In each of the studied sites, the core zone is the final 
accumulation zone for clay particles. In the ana-
lyzed samples, the physical clay content ranges from 
56 to 73 %. While the proportion of fractions within 
the physical clay remains relatively stable, a redistribu-
tion in favor of finer particles can be assumed. The physi-
cal sand fraction lacks coarse-medium and fine sand 
(1.00 – 0.05 mm), with the entire portion consisting 
of coarse dust (0.05 – 0.01 mm). The heavy granulo-
metric composition hinders filtration and leads to pro-
longed stagnation of meltwater and rainwater. Currently, 
two types of gleyic embryozems have been identified 
on the surface of the core zone (see Table). The diffe-
rence in embryozem formation across sites is due to the 
duration of the post-technogenic period, the lithogenic 
properties of the rocks, and the productivity of the plant 
communities [9; 10]. The resulting phytocenoses belong 
to the xero meso  phytic/mesophytic ecogroup, with occa-
sional hygrophytes (such as bulrush, sedge, and others). 
However, during drought periods (when moisture is defi-
cient), these plants either die or remain in a suppressed 
state. 

The mineralogical composition of the core zone 
of the primary beneficiation tailings dump consists 
of iron slag and magnetite particles smaller than 0.01 mm 
(about 1 – 3 %); indeterminate mineral particles smaller 
than 0.01 mm; as well as modern plant fragments (about 
15 %). Secondary minerals are absent. The minera-
logical composition of the near-core zone of the tailings 
dump formed during secondary beneficiation is characte-
rized by the same composition as the previous dominant 
zones in the relief. However, it has some distinguishing 
features: a predominance of mineral fragments smaller 
than 0.5 – 1.0 mm, the presence of magnetite dust (about 
5 – 10 %), and a dominance of calcite and quartz. Secon-
dary minerals are absent, as in the previous two sedimen-
tation zones.

 Results and discussion

Despite the considerable number of studies on the 
influence of mineralogical composition on the deve-
lopment of soils formed on the surfaces of iron ore tailings 
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dumps, this issue remains insufficiently studied [11 – 14]. 
This explains the lack of generally accepted indicators 
for the rate of soil development on man-made mineral 
substrates and the accumulation of biophilic elements in 
such soils.

The most common primary minerals dominating 
the large fractions of natural soils are quartz, calcite, and 
micas. It is important to note that this set of mine rals 
serves as an indicator of favorable soil formation pro-
cesses on the surfaces of man-made landscapes [15 – 17]. 
The physical properties of soils depend on these primary 
minerals, which already act as a reserve source of ash 
elements for plant nutrition. As they undergo transforma-
tion, secondary minerals are formed (simple salt minerals, 
oxide and hydroxide minerals, and clay minerals). Simple 
salt minerals (calcite, magnesite, dolomite, gypsum, and 
others) determine the qualitative and quantitative compo-
sition of soil salinization. Oxide and hydroxide mine rals, 
due to their large surface area, absorb significant amounts 
of phosphorus, making it less available to plants. Clay 
minerals (montmorillonite, kaolinite) and hydromicas, 
which dominate the fine-dispersed fractions, together 
with humic acids, improve the water-physical properties 
of soils, act as sources of mineral nutrients for plants, and 
determine the soil’s absorptive capacity [8].

Calcite is a key indicator of pedogenic transformations 
in the soils of man-made landscapes [18; 19]. The pre-
sence of carbonates throughout the profile clearly reflects 
the transformation of the original substrate during the soil 
formation process. The highest calcite concentrations 
are observed in the mouth, main, and near-core zones 
of the Mundybash tailings dump. The quantity and varie ty 
of calcite forms reflect the intensity of soil formation pro-
cesses and the transformation of the original substrate. 
Calcite content is determined, on one hand, by more 
favorable hydrological conditions (flushing water mode), 
and on the other hand, by the likely extended duration 
of soil formation in areas subject to periodic flooding in 
the core zone.

The presence of secondary minerals (goethite), which 
form as a result of pyroxene oxidation and hematite 
dehydration (in the mouth and main zones of the tailings 
dumps), indicates the intensity and speed of weathering 
processes. It can be assumed that nearly all iron-con-
taining minerals, upon alteration due to water and humic 
acid exposure, are transformed into limonite. Additio-
nally, the weathering of iron oxides (magnetite, hematite, 
goethite), which are found in the mineral composition 
of the studied tailings dumps, may lead to the release 
of iron into pore water and its precipitation as ferrihy-
drite [20 – 22], as well as the formation of iron hydro-
xide in water and its precipitation in aquifers. Ferrihyd-
rite is further transformed into hematite, with goethite 
also possibly forming. The type of final mineral depends 
on the physical and chemical factors influencing the func-

tioning of the hydraulic dumps from iron ore beneficia-
tion waste (temperature, pH levels, Fe(III) concentration 
in solution, and the nature and quantity of accompanying 
anions). Hematite content reaches a maximum in a slightly 
alkaline environment and a minimum in moderately acidic 
conditions. Increasing temperature and decreasing mois-
ture accelerate ferrihydrite transformation and increase 
the hematite-to-goethite ratio [22]. When in contact with 
water containing sulfides, iron hydrosulfide forms, which 
can adsorb onto the surface of mineral grains and trans-
form into iron oxides. In more complex processes, iron 
oxide FeO2 may also be involved.

The mineral skeleton of the soil, which primarily 
consists of quartz, calcite, and primary and secondary 
iron minerals, serves as the foundation within which 
the majority of chemical, physicochemical, and bio-
chemical processes essential to soil formation occur on 
the surface of the studied tailings dumps. Soil formation, 
as a form of biological weathering, leads to transforma-
tions in the granulometric composition, while periodic 
water infiltration results in the redistribution and change 
of fraction ratios. For example, winter infiltration in gray 
forest soils leads to the averaging of fractions to 0.01 mm 
and increases the mobility of silt, which enhances 
the transformation of soil-forming rocks [23].

A more intensive soil formation process is currently 
observed on the mineral substrate surface of the Mundy-
bash beneficiation plant hydraulic dump. Over a pragma-
ti cally acceptable time period, coarse-humus-accumu-
lative and turf embryozems have formed there. This is 
due to the more balanced granulometric composition 
of the rocks, consisting of no more than 60 % physical 
clay, which does not impede the seasonal infiltration 
of the root layer and allows for the filtration of excess 
moisture into the lower horizons. When the physical 
clay content exceeds 60 % in both the near-core and 
core zones of the Abagur sintering plant hydraulic dump, 
an aquiclude forms almost at the surface of the mineral 
layer (within the 10 – 30 cm layer), leading to water stag-
nation, especially during the spring and autumn periods. 
This phenomenon slows the soil formation processes 
on the surface of the tailings dumps. As a result, only 
organo-accumulative embryozems have formed over an 
extended period in these areas, indicating an unsatis-
factory soil-ecological condition under stagnant water 
modes.

 Conclusions

Mineral transformations are dynamic in the soils 
of man-made landscapes formed from the waste of pri-
mary and secondary beneficiation of ferrous metal ores. 
The mineral component of the soil-forming rock from 
primary beneficiation waste is primarily composed 
of magnetite, calcite, quartz, and talc flakes, and it under-
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goes minimal changes between sedimentation zones. 
In the secondary beneficiation tailings dump, the mineral 
component is more homogeneous across zones, consis-
ting mainly of muscovite, quartz, calcite, and magnetite 
dust. The formation of secondary minerals (goethite and 
hematite) is characteristic of the main and mouth sedi-
mentation zones of both tailings dumps. It is assumed that 
hematite forms through the dehydration of iron hydroxi-
des. Hematite develops via a ferrihydrite phase, a process 
typical of soils (especially in humid regions), and under 
certain hydrothermal conditions, goethite may also form.

Even with a favorable mineralogical composition 
of the soil-forming rock, the soil formation process is 
slowed due to the granulometric properties of iron ore 
tailings dumps. When the physical clay content in the 
rock exceeds 60 %, only organo-accumulative embryo-
zems form within a pragmatically acceptable time frame 
(no less than 20 years).
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Аннотация. Коррозионностойкие стали востребованы в современном мире из-за их высоких эксплуатационных свойств и широкого спектра 

применения. К таким областям применения относятся кухонная утварь, мебель, медицинское оборудование, ядерные реакторы, косми-
чес кие аппараты и т. д. Кислород в стали, особенно в коррозионностойкой, является одним из самых вредных элементов. Оксидные 
включения нарушают гомогенность металла, отрицательно влияют на пластичность, вязкость разрушения, усталостную прочность 
и коррозионную стойкость стали. В коррозионностойких сталях неметаллические включения (НВ) приводят к образованию дефектов 
в холоднокатаном листе. Включения алюминатов также приводят к засорению сталеразливочного оборудования. В работе выполнен анализ 
технологии производства коррозионностойкой стали 08Х8Н10Т с целью определения причин образования НВ, влияющих на разливаемость 
стали и ее качество. В ходе исследований определено содержание общего кислорода и азота, а также кислорода, связанного в различные 
НВ на стадиях ковшевой обработки и непрерывной разливки стали. После введения в расплав титановой проволоки общее содержание 
азота снижается за счет образования и последующего удаления нитридов титана. При этом увеличивается содержание оксидов титана 
в расплаве. Показано, что причинами засорения сталеразливочных стаканов при непрерывной разливке являются комплексные НВ на 
основе оксидов титана, которые осаждались на внутренней поверхности разливочного стакана-дозатора. В работе даны рекомендации по 
корректировке технологии выплавки стали в ДСП и ковшевой обработки. По результатам электронно-микроскопического анализа установ-
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 Introduction

In 2023, the total global steel production amounted 
to 1.489 billion tons, with corrosion-resistant steel account-
ing for around 60 million tons. Corrosion-resistant steels 
play a key role in industry due to their high performance 
characteristics and wide range of applications [1 – 3].

Between 2015 and 2019, the production of corrosion-
resistant steel continuously increased. The decrease in 
production in 2020 was due to the coronavirus pandemic 
during the first half of 2020, as many countries imposed 
lockdowns. However, following the recovery of the global 
economy in 2021, global production of corrosion-resis-
tant steel increased by 11.6 % compared to 2020, not only 
reaching the record levels of 52.2 million tons in 2019, 
but also surpassing them to reach 56.8 million tons per 
year [4]. 

Corrosion-resistant steel production in Russia steadily 
increased from 2015 to 2023, reaching 278.2 thousand 
tons per year. At the same time, the consumption of corro-
sion-resistant steel in Russia exceeded domestic produc-
tion by almost 2.5 times. Increasing the volume of cor-
rosion-resistant steel production in Russia is, therefore, 
a highly relevant issue [4].

When smelting 08Kh18N10T corrosion-resistant 
steel, producers face problems such as clogging of the 
pouring nozzle dispensers, low yield, and surface 
defects [5 – 8]. The oxygen content in steel, particularly 
in corrosion-resistant grades, is one of the key indicators 
of the final product’s quality [9 – 11]. Dissolved oxygen 
in the metal reacts with deoxidizers, forming non-metal-
lic inclusions (NMI). These NMIs compromise the integ-
rity of the metal, adversely affecting ductility, tough-
ness, fatigue strength, and corrosion resistance [12 – 14]. 
In corrosion-resistant steels, NMIs lead to the formation 
of defects such as “rub marks” in cold-rolled sheets, 
while Al2O3 inclusions contribute to the clogging of steel 
casting equipment during casting [15 – 17].

Deep surface defects in steel are caused by high le vels 
of NMIs, such as oxides of chromium, manganese, sili-
con, aluminum, titanium, and titanium nitrides. In stu-
dies [11 – 12], the authors state that deep surface defects 
occur due to the entry of coarse slag crusts from the mold 
into the metal. The cause of the formation of these coarse 
slag-metal crusts is oxides and nitrides of titanium, which 

form as a result of the interaction of dissolved oxygen and 
nitrogen in the metal with titanium, a common alloying 
element [18].

This study analyzes the smelting, ladle processing, 
and casting technology of 08Kh18N10T corrosion-resis-
tant steel to identify factors negatively impacting steel 
quality and NMI formation. 

 Materials and methods

To identify the causes of contamination of 
08Kh18N10T corrosion-resistant steel by various NMIs, 
an analysis was performed using data from industrial 
heats’ passports and production records, and samples 
of metal were taken throughout the entire ladle process-
ing chain for examination. The monitoring of changes 
in the content of the main types of oxide NMIs in metal 
samples selected at all stages of ladle processing, cast-
ing, and from continuously cast billets (CCB) was carried 
out using the method of fractional gas analysis (FGA). 
The study was conducted using a LECO TC600 gas ana-
lyzer with the original OxSeP Pro software. Fractional 
gas analysis is a modification of the method of reduction 
melting of the test sample in a graphite crucible in a stream 
of carrier gas at a specified linear heating rate [19 – 21]. 

To determine the morphology and chemical compo-
sition of the main types of NMIs found in the collected 
metal samples, a Jeol JXA-iSP100 EPMA scanning 
elect ron microscope with X-ray microanalysis was used, 
equipped with energy- and wavelength-dispersive spect-
rometers.

 Results and discussion

During the study, metal samples taken throughout 
the entire production process were analyzed for two heats 
of 08Kh18N10T corrosion-resistant steel: 

– heat 1: before the changes to the steel production 
technological parameters;

– heat 2: after the corrective actions were imple-
mented. 

Fig. 1 shows the results of determining the total oxy-
gen and nitrogen content (right ordinate axis) as well as 
the oxygen content in various types of oxide NMIs (left 
ordinate axis) in the collected metal samples. 

лено, что перемешивание рафинирующего жидкоподвижного шлака в агрегатах ковшевой обработки стали способствовало ассимиляции 
НВ шлаком и уменьшению их размеров в металле. После внедрения корректирующих рекомендаций засорения сталеразливочных стаканов 
при непрерывной разливке не наблюдалось. 
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During the casting process of heat 1, clogging 
of the pouring nozzles was observed. The FGA analysis 
of samples taken from the buildup on the pouring nozzle 
(Fig. 2) revealed high levels of total oxygen and nitrogen, 
as well as calcium aluminosilicates, spinels, and titanium 
oxides modified with calcium and magnesium.

At the technological stage of ladle-furnace unit 
(LFU) 4 – vacuum degasser (VD) 2 of heat 1, a decrease 
in the total oxygen and nitrogen content in the melt and 
an increase in the titanium oxide content were observed. 
In sample VD 3 of heat 1, chromium oxides, titanium 
oxides, and aluminates were detected. 

In metal samples taken from the tundish of the con-
tinuous casting machine (CCM) 1 for heat 1, titanium 
oxides were mainly detected. It should be noted that 
the nitrogen content in the sample taken from the con-
tinuous casting unit (CCU) 1 for heat 1 increased 
by 20 ppm compared to the nitrogen content in the metal 
sample taken from the vacuum degasser (sample VD 3 
of heat 1). At the same time, the total oxygen con-
tent decreased from 60 ppm (sample VD 3 of heat 1) 
to 30 – 40 ppm (sample CCU 1 of heat 1). The increase 
in nitrogen content in sample CCU 1 can be explained by 
the influence of secon dary oxidation of the metal during 
casting. During secondary oxidation, the melt interacts 
with atmospheric air. The solubility limit of oxygen in 
aluminum-deoxidized steel does not exceed 0.0005 %, 
with the remaining oxygen present in oxide inclusions, 
which are partially removed into the slag during casting. 
The solubility limit of nitrogen in the molten metal at this 
temperature is determined by the concentration of alloy-
ing elements and is significantly higher than its actual 
concentration. This leads to an increase in the dissolved 
and total nitrogen content in the molten metal during 
secon dary oxidation.

The results of the metal sample studies under an 
electron microscope confirm the results of the FGA. 
At the casting stage, oxide films larger than 400 µm were 
detected in metal samples from heat 1 (Fig. 3). 

Fig. 4 shows the results of metallographic stu dies 
of the chemical composition of samples taken from 
the clogging on the inner surface of the pouring nozzle. 
The study revealed: 

– a high content of titanium oxides modified with cal-
cium; 

– the presence of conglomerates of calcium, silicon, 
aluminum, and titanium oxides; 

Fig. 1. FGA results of the metal samples of heat 1:
 – chromium oxides;  – silicates;  – titanium oxides;  – aluminates;  – spinels; 1 – total N; 2 – total O

Рис. 1. Результаты ФГА проб металла плавки 1:
 – оксиды хрома;  – силикаты;  – оксиды титана;  – алюминаты;  – шпинели; 1 – общий N; 2 – общий O

Fig. 2. FGA results of metal samples 
taken from the clogging in pouring nozzle:

 – titanium oxides;  – aluminates;  – spinels;  
1 – total O; 2 – total N

Рис. 2. Результаты ФГА образцов проб металла, 
отобранных от нароста в сталеразливочном стакане:

 – оксиды титана;  – алюминаты;  – шпинели;
1 – общий O; 2 – общий N
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– particles of undissolved ferrochrome and titanium 
nitrides; 

– chromium oxides modified with titanium, silicon, 
and aluminum;

– calcium aluminosilicates, spinels, and titanium 
oxides modified with calcium and magnesium.

It is likely that film conglomerates of NMIs, such as 
titanium oxides, titanium oxides with calcium and alu-
minum, as well as titanium nitrides, precipitating from 
the melt onto the walls of the pouring nozzle, formed 
a framework on which metal buildup accumulated, thus 
hindering the casting process. The high contamination 
of the metal with titanium oxides and nitrides indicates 
that the deoxidation technology currently used at the plant 
is not optimal. The significant increase in nitrogen con-
tent in the melt during casting, the presence of oxide films 

and stringer inclusions of titanium oxides in the melt, and 
the large amount of titanium nitrides in the finished metal 
may suggest the influence of secondary oxidation pro-
cesses during casting. 

During the study, recommendations were made 
to adjust the ladle processing technology, specifically: 
transferring the nickel alloying operation from the LFU 
to the EAF, introducing a refining fluid slag, and perform-
ing soft inert gas blowing of the melt for at least 15 min 
after the addition of SiCa. The plant conducted experi-
mental heat 2, incorporating the provided recommenda-
tions. Metal samples were selected during the experi-
mental heat. The results of determining the total oxygen 
and nitrogen content and the oxygen contained in various 
types of oxide NMIs in metal samples taken throughout 
the entire steel production process are shown in Fig. 5. 

According to Fig. 5, it can be seen that in sample 
VD 1 of heat 2, the primary type of NMI was aluminates. 
In sample VD 2, after the addition of titanium powder wire 
and silicon-calcium, a decrease in the aluminate content 
was observed, while the content of chromium, manga-
nese, titanium oxides, and silicates increased. In samples 
VD 3 and CCM, there was an increase in the total oxygen 
and nitrogen content, which may indicate the occurrence 
of secondary oxidation of the metal. In samples from con-
tinuously cast billets (CCB), the primary type of NMIs 
were titanium oxides, with small amounts of aluminates, 
silicates, and spinels also present.

The analysis of the selected samples under an elec-
tron microscope confirmed the FGA results for the main 
groups of oxide NMIs. One of the results of element 
mapping of NMIs in the metal sample using micro-X-ray 
spectral analysis is shown in Fig. 6. 

Transferring the nickel alloying operation from 
the LFU to the EAF allowed the ladle processing time 
to be reduced by approximately one hour. The reduction 
in metal processing time in the LFU led to a decrease in 
the operating time of the electric arcs, which are a sig-
nificant source of nitrogen entry into the metal melt. This 

Fig. 3. Complex oxide NMI in selected metal samples

Рис. 3. Комплексное оксидное НВ в отобранных пробах металла

Fig. 4. Complex NMI in metal samples taken from the clogging on pouring nozzle surface

Рис. 4. Комплексное оксидное НВ в отобранных пробах металла от нароста на поверхности разливочного стакана
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also reduced the wear of the lining and minimized con-
tamination of the melt by the products of lining degrada-
tion. Based on the results of electron microscope studies, 
it was determined that the introduction of fluid refining 
slag led to the removal of NMIs and a reduction in their 
size – the inclusions became smaller (heat 2). No clogging 
of the pouring nozzles was observed in the experimental 
heat after the corrective actions were implemented. 

 Conclusions

An analysis of the production technology of 
08Kh18N10T corrosion-resistant steel was performed 
to determine the causes of NMI formation that affect 

the pourability and quality of the metal. During the study, 
the total oxygen and nitrogen content, as well as the oxy-
gen contained in various types of oxide NMIs at the stages 
of ladle processing and casting, were determined. 
The results of the electron microscope analysis confirmed 
the FGA findings, specifically the predominance of NMIs 
that are detrimental to corrosion-resistant steels: titanium 
oxides and nitrides, as well as aluminates. It was shown 
that after the addition of titanium wire, the total nitro-
gen content decreased due to the formation of titanium 
nitrides, which were subsequently removed into the slag. 
At the same time, an increase in titanium oxide content 
was observed. It was demonstrated that the cause of clog-
ging of the casting equipment is the formation of complex 

Fig. 5. FGA results of the metal samples of heat 2:
 – chromium and manganese oxides;  – silicates + manganese;  – titanium oxides;  – aluminates;  – spinels; 1 – total O; 2 – total N

Рис. 5. Результаты ФГА проб металла плавки 2:
 – оксиды хрома и марганца;  – силикаты + марганец;  – оксиды титана;  – алюминаты;  – шпинели; 1 – общий O; 2 – общий N

Fig. 6. Complex oxide NMI in selected metal sample 

Рис. 6. Комплексное оксидное НВ в металле
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NMIs based on titanium oxide, which “stick” to the sur-
face of the pouring nozzle during steel casting. 

Recommendations were made to adjust the ladle 
processing technology. Based on the results of electron 
microscope studies, it was determined that the induc-
tion of fluid refining slag contributed to the assimila-
tion of NMIs and their size reduction (heat 2). After 
the implementation of corrective measures, no clogging 
of the casting equipment was observed.
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Аннотация. Индентирование является привлекательным методом для изучения деформационного поведения аморфных сплавов по ряду 

причин: не будучи специфичными к размеру образца, эти испытания просты в выполнении и не приводят к макроразрушению; пластичес кая 
деформация в материале ограничена локально, что облегчает изучение пластического течения в зонах окружающих и находящихся под 
индентором; прямое сравнение результатов индентирования с откликами, например, на изгиб или растяжение дополнительно делает 
метод индентирования эффективным «зондом» для понимания физики пластической деформации и разрушения аморфных сплавов. В 
настоящей работе представлены результаты исследований морфологии микроотпечатков после индентирования на эластичной подложке 
лент быстрозакаленных аморфных сплавов Co70,5Fe0,5Сr4Si7B18 , подвергнутых термической обработке в широком диапазоне температур. 
Структурно-фазовые превращения контролировались проведением рентгеноструктурного анализа и дифференциально-сканирующей 
калориметрией. Обнаружены характерные видоизменения картин их деформации и разрушения при переходе из аморфного в кристал-
лическое состояние. Установлены три температурных интервала с характерными зонами деформирования на поверхности исследуемых 
образцов. При Tкомн < Tf  аморфный сплав демонстрируют уникальную пластичность, при максимальной нагрузке на индентор появля-
ются только полосы сдвига вокруг отпечатка. Интервал Tf  ≤ Tan ≤ Tsb – переходный, так как при более низких температурах не образуются 
трещины, а при более высоких нет полос сдвига. Сплав находится в аморфном, но охрупченном состоянии, поэтому наблюдаются ради-

  inga_perm@mail.ru
Abstract. Indentation is an attractive method for studying the deformation behavior of amorphous alloys for a number of reasons: not being specific 

to the sample size, these tests are easy to perform and do not lead to macrofracture; plastic deformation in the material is locally limited, which facili-
tates the study of plastic flow in the zones surrounding and located under the indenter; direct comparison of indentation results with responses, for 
example, to bending or tension further makes the indentation method an effective “probe” for understanding the physics of plastic deformation and 
fracture of amorphous alloys. The morphology of microprints of melt-quenched ribbon of Co70.5Fe0.5Сr4Si7B18 amorphous alloys subjected to heat 
treatment in a wide range of temperatures was studied after indentation on an elastic substrate. Structural-phase transformations were controlled 
by X-ray structural analysis and differential scanning calorimetry. We discovered characteristic modifications in the patterns of their deformation 
and fracture during the transition from amorphous to crystalline state. Three temperature ranges with characteristic deformation zones on the surface 
of the studied samples were established. At Troom < Tf  , amorphous alloy demonstrates unique plasticity. The shear bands appear around the imprint 
only at the maximum load on the indenter. Tf  ≤ Tan ≤ Tsb is a transitional interval, since cracks do not form at lower temperatures, and there are no shear 
bands at higher temperatures. The alloy is in an amorphous but brittle state, so radial and ring cracks, as well as spalls, are observed. The interval 
Tsb < Tan ≤ Tcrys corresponds to the final transformation of the alloy into a crystalline state; symmetrical patterns of fracture are formed, consisting 
of square crack networks. It is possible to give an approximate express assessment of the structural state of amorphous alloys based on an “atlas” 
of local loading zones (presence/absence of shear bands, cracks, their relative position) compiled taking into account the corresponding temperature 
intervals under different loads. 

Keywords: amorphous alloy, crack, shear band, indentation, imprint, structural state, embrittlement, deformation, fracture, heat treatment
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 Introduction

The process of amorphization, achieved by ultra ra-
pid melt-quenching, allows for the production of homo-
geneous multicomponent amorphous alloys (AA). 
By va rying the conditions of melt-quenching, it is pos-
sible to significantly expand the range of mutual solu-
bility of elements, enabling a broader variation of AA 
properties compared to crystalline materials [1 – 4]. 
If heat treatment is also applied, a wide range of inter -
mediate states can be obtained – from “purely” amor-
phous to amorphous-nanocrystalline and fully crys-
talline – enabling the creation of unique and diverse 
amorphous systems (metastable forms of binary, ter-
nary, and multicomponent alloys) [5 – 7]. By adjusting 
the composition and applying controlled heating, it is 
possible to achieve useful and predefined physical proper-
ties, expanding the application of AA in engineering and 
industry as structural and functional materials [8 – 11]. 
The excellent magnetic properties of AA are comple-
mented by other valuable characteristics such as high 
strength, hardness, electrical resistivity, corrosion resis-
tance, and satisfactory plasticity. However, when applied 
in practice, issues such as thermal stability, embrittle-
ment, and spontaneous crystallization at elevated tem-
peratures are of particular concern [12 – 14]. To eva luate 
the structural-phase state of AA, a comprehensive set 
of research methods is used (e.g., transmission electron 
microscopy (TEM), X-ray structural analysis, differential 
thermal analysis, etc.). Some of these methods require 
multi-stage sample preparation and involve lengthy and 
labor-intensive phase identification processes. Moreover, 
when AA has been processed at temperatures below crys-
tallization and remains in an amorphous state, there are 
significant challenges in studying the amorphous struc-
ture. Even high-resolution TEM and EXAFS-spectros-
copy (Extended X-Ray Absorption Fine Structure) cannot 
definitively provide information about atomic arrange-
ments and positional changes during relaxation. Studying 
structure-sensitive property responses (mechanical, elec-
trical, chemical, magnetic) allows the analysis of struc-
tural relaxation processes [15 – 17].

Currently, the micro- and nanoindentation is an infor-
mative method for investigating the mechanical charac-

teristics of melt-quenched amorphous alloys (hardness, 
Young’s modulus, fracture toughness) [18 – 22]. This 
method is also valuable for understanding the micro-
mechanisms of their deformation, as it allows for 
the visuali zation of the deformation pattern and 
the assessment of the extent and shape of deformation 
zones in correlation with the structural state of the amor-
phous alloys. Indentation testing is an excellent tool 
for such studies, especially when only a small amount 
of material is required. Deformation during indenta-
tion is essentially stable, at least macroscopically, since 
the contact area between the indenter and the deformed 
material increases during indentation to accommodate 
any applied load. However, local loading of amorphous 
alloys has several specific features related to their unique 
geometry – small thickness of amorphous alloys ribbons 
and the qualitative difference between the contact side 
(adjacent to the quenching drum during production) and 
the free side of the ribbon [23]. Moreover, plastic flow 
in amorphous alloys under high stresses and low tem-
peratures occurs non-uniformly, localizing in shear bands 
along planes of maximum shear [24; 25]. The formation 
of these shear bands is associated with localized atomic 
rearrangements correlated with regions of excess free 
volume [26 – 28]. Shear bands are crucial for the defor-
mation behavior of amorphous alloys, and controlling 
them is equivalent to managing the plasticity and fracture 
of the material.

The aim of this work is to study the mechanical beha-
vior of heat-treated thin melt-quenched amorphous alloy 
ribbons during microindentation, specifically to reveal 
the patterns of deformation zone modification and surface 
microfracture of amorphous alloys around the imprints 
formed by the Vickers pyramid, as the annealing tem-
perature increases.

 Materials and methods

The object of the study was an amorphous alloy 
Co70.5Fe0.5Сr4Si7B18 (at. %), produced by melt-spinning 
process in the form of a ribbon with a thickness of 30 μm 
and a width of 20 mm. Alloy samples measu ring 15×20 mm 
were subjected to vacuum annealing in the temperature 
range of Tan = 538 – 823 K for 10 min. Afterward, they 

альные и кольцевые трещины, а также отколы. Интервал Tsb < Tan ≤ Tcrys соответствует окончательной трансформации сплава в кристалли-
ческое состояние, формируются симметричные картины разрушения, состоящие из квадратных сеток трещин. Таким образом, на осно-
вании составленного с учетом соответствующих температурных интервалов «атласа» зон локального нагружения (наличие/отсутствие 
полос сдвига, трещин, их взаимное расположение) при разных нагрузках возможно дать приближенную экспресс-оценку структурного 
состояния аморфных сплавов. 
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were fixed using an elastic substrate – “Moment” glue 
(20.52.10.190 OKPD 2 / GOST 22345-77) with a thick-
ness of approximately 1.0 – 1.5 mm on a steel plate. 
As a result, a composite blank was formed (Fig. 1, a).

Indentation was performed on the free side 
of the amorphous alloy ribbons across a wide range 
of loads (0.3 – 2.0 N) using a PMT-3M microhardness 
tester (LOMO). It is important to note that local loading 
on a hard substrate (for example, putty) presents a fun-
damentally unavoidable difficulty: cracks may initially 
form in the substrate and subsequently initiate the failure 
of the coating, i.e., the amorphous alloy.

The macroscopic plasticity behavior of the amorphous 
alloys was assessed by the U-method (by bending defor-
mation). For this, the sample was placed between two flat 
parallel plates, and as the plates moved closer together 
at a constant speed, the distance d at which the bent sam-
ple fractured was determined (Fig. 1, b). The plasticity 
measure εf was taken as the ratio

where h is the thickness of the ribbon. 
The ductile-to-brittle transition temperature Тf was 

calculated as the average temperature between Т1 and Т2 , 
where Т1 – is the highest annealing temperature at which 
εf  = 1, and Т2 is the lowest recorded temperature at which 
a sharp decrease in plasticity occurs (εf  → 0).

The crystallization temperature was assessed using 
differential scanning calorimetry on a DSC 8271 analyzer 
(Rigaku). The transition from the amorphous to crystal-

line state during heat treatment was monitored through 
X-ray structural analysis using the ULTIMA IV multi-
functional diffractometer (Rigaku).

 Results and discussion

The experiment revealed that during the indenta-
tion of the Co70.5Fe0.5Cr4Si7B18 , amorphous alloys, as 
they transition from the amorphous to the crystalline 
state during annealing, there is a significant evolution 
in the micro-patterns of their deformation and fracture. 
Fig. 2 illustrates the variety of morphological modifica-
tions on the surface of the amorphous alloy following 
indentation with different loads.

As the alloy is heated, distinct patterns in the forma-
tion of deformation zones become apparent. In the tem-
perature range Troom < 613 K, typical indenter imprints are 
observed at low loads, while at higher loads, the imprint 
is surrounded by shear bands (Fig. 2, a, b). Shear bands 
represent a phenomenon of plastic instability, where large 
shear deformations are localized within a relatively nar-
row band during material deformation. In the tempera-
ture range of 613 K ≤ Tan ≤ 748 K, straight radial cracks 
appear in the area of local loading on the amorphous 
alloy (Fig. 2, c). Some of these cracks may intersect with 
ring cracks (Fig. 2, d). Despite the embrittlement, plas-
tic deformation of the amorphous alloy remains possible 
(with occasional shear bands) up to Tan = 748 K. Finally, 
in the heating range of 748 K < Tan ≤ 803 K, the imprints 
predominantly form a network of cracks oriented parallel 
to the faces of the indenter pyramid (Fig. 2, e). Addition-
ally, ring cracks may form further away from the indenta-
tion zone (Fig. 2, f).

After indentation at the maximum load of P = 2 N, 
the annealing temperature Tcr , at which the first cracks 
formed and propagated in the amorphous alloy samples 
with a probability of no less than 0.5, was determined 
to be Tcr = 628 K [29]. The Tcr established on the elas-
tic substrate effectively represents the ductile-to-brittle 
transition temperature of the amorphous alloy, closely 
matching the independent test data from U-bend testing 
of amorphous ribbons: Tf = 613 K (Fig. 3).

Subsequent attention was focused on calorimetric 
and structural studies to clarify the temperature ranges 
of phase transitions that the АA Co70.5Fe0.5Cr4Si7B18  
amorphous alloy undergoes. According to DSC data, 
the crystallization temperature of the studied amorphous 
alloy is Tcrys = 803 K (Fig. 4).

According to structural studies, the formation 
of the first nanocrystals in the amorphous matrix, corres-
ponding to α-Co with an HCP lattice (a = b = 2.514 Å, 
c = 4.105 Å), occurs after annealing above 688 K [30]. 
As the temperature increases, an intensification of crystal-
lization processes and an increase in the volumetric frac-

Fig. 1. Scheme of mechanical tests of ribbon of amorphous alloys:  
а – microindentation (1 – steel base, 2 – substrate, 

3 – sample of amorphous alloy, 4 – imprint, 5 – Vickers pyramid);  
b – U-method (1 and 2 – fixed and movable plates, 

3 – sample of amorphous alloy) 

Рис. 1. Схема механических испытаний лент АС:  
а – микроиндентирование (1 – стальная основа, 2 – подложка, 

3 – образец АС, 4 – отпечаток, 5 – пирамида Виккерса); 
b – U-метод (1 и 2 – неподвижная и подвижная пластины, 

3 – образец АС)
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tion of crystalline phases are observed. Along with α-Co, 
the β-Co phase with an FCC lattice (a = b = с = 3.554 Å), 
appears, as well as Co2Si, Co4B, Co3B, Co2B (Fig. 5).

By comparing the morphological atlas of the sur-
face of the annealed Co–Fe–Cr–Si–B amorphous alloy 
after indentation (Fig. 2) with the results of its structural 
changes (Figs. 4, 5), three temperature ranges can be 
distinguished. The transition from one range to another 

results in changes in the characteristic deformation and 
fracture patterns, which are a consequence of ongoing 
structural relaxation processes and subsequent crystalli-
zation [31].

• At Troom < Tf , the amorphous alloy demonstrates 
its unique plasticity, where even the maximum load on 
the indenter can only cause highly localized plastic defor-
mation in the form of shear bands around the imprint.

Fig. 2. Atlas of deformation and fracture patterns of annealed Co70.5Fe0.5Cr4Si7B18 amorphous alloy during indentation on an elastic substrate:
а – Tan = 573 K, P = 0.5 Н; b – Tan = 573 K, P = 1.5 Н; c – Tan = 673 К, P = 1.2 Н;  
d – Tan = 728 K, P = 1.0 Н; e – Tan = 773 K, P = 1.1 Н; f – Tan = 800 K, P = 1.3 Н

Рис. 2. Атлас картин деформации и разрушения отожженных АС Co70,5Fe0,5Cr4Si7B18 при индентировании на эластичной подложке:
а – Tan = 573 К, P = 0,5 Н; b – Tan = 573 К, P = 1,5 Н; c – Tan = 673 К, P = 1,2 Н; 
d – Tan = 728 К, P = 1,0 Н; e – Tan = 773 К, P = 1,1 Н; f – Tan = 800 К, P = 1,3 Н

Fig. 3. Plasticity behavior of Co70.5Fe0.5Сr4Si7B18 amorphous alloy 
during heat treatment

Рис. 3. Поведение пластичности АС Co70,5Fe0,5Сr4Si7B18 
при термической обработке

Fig. 4. DSC curve of Co70.5Fe0.5Cr4Si7B18 amorphous alloy during 
heating at a rate of 20 °C/min

Рис. 4. Кривая ДСК АС Co70,5Fe0,5Cr4Si7B18 при нагреве 
со скоростью 20 °С/мин
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• The temperature range Tf  ≤ Tan ≤ Tsb is transi-
tional, as no cracks form at lower temperatures (for 
Co70.5Fe0.5Сr4Si7B18 , the temper brittleness temperature 
is Tf  = 613 K), and at higher temperatures, shear bands 
are absent (the temperature of complete disappearance 
of shear bands for Co70.5Fe0.5Сr4Si7B18 is Tsb = 748 K). 
In this temperature range, the amorphous alloy is still in 
an amorphous but embrittled state due to the ductile-to-
brittle transition phenomenon. Therefore, large radial and 
ring cracks, as well as spalls, are observed.

• The range Tsb < Tan ≤ Tcrys corresponds to the final 
transformation of the amorphous alloy into a crystalline 
state (for Co70.5Fe0.5Сr4Si7B18 Tcrys = 803 K). A distinctive 
feature of this range is the formation of relatively sym-
metrical fracture patterns consisting of square crack net-
works nested within each other.

 Conclusions

Using the example of melt-quenched amorphous alloy 
ribbons of the Co – Fe – Сr – Si – B system, it was demon-
strated that indentation on an elastic substrate with dif-
ferent loads enables an approximate express assessment 
of the structural state of the amorphous alloy. This is due 
to the fact that the deformation and fracture zones formed 
under the indenter (presence/absence of shear bands, 
cracks, their mutual arrangement) are highly structure-
sensitive and exhibit characteristic features in specific 
annealing temperature ranges.

Overall, indentation testing is an attractive method for 
studying the deformation behavior of amorphous alloys 
for the following reasons. First, these tests are easy to per-
form and do not lead to macrofracture, as they are not 
specific to the sample size. Second, plastic deformation 
in the material is locally confined, facilitating the study 
of plastic flow in the zones surrounding and located under 
the indenter. Moreover, direct comparison of indentation 
results with responses, such as to bending or tension, fur-
ther makes the indentation method an effective “probe” 
for understanding the physics of plastic deformation and 
fracture in amorphous alloys.
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Аннотация. В работе авторы методами современного физического материаловедения исследовали структуру, дефектную субструктуру, 

фазовый состав, трибологические и механические свойства наплавки, подвергнутой высокотемпературному отпуску при 580 °C и после-
дующей электронно-пучковой обработке. Наплавленные слои толщиной до 10 мм формируются плазменной наплавкой порошковой 
проволокой ПП-18Ю в среде азота. По фазовому составу наплавленные слои состоят из α-Fe и карбидов состава Мe6С. После отпуска 
поликристаллическая структура наплавленного слоя содержит зерна размером 7,0 – 22,5 мкм с прослойками второй фазы по границам 
и в стыках зерен составов V4C3 , Cr7C3 , Fe3С, Cr23С6 , WC1 – x . Электронно-пучковая обработка формирует тонкий поверхностный слой 
(30 – 50 мкм) с зернами ячеистой (зеренной) структуры высокоскоростной кристаллизации субмикронного (100 – 250 нм) размера. 
В объеме зерен и по границам выявлены частицы второй фазы наноразмерного диапазона глобулярной и ограненной форм. 

Ключевые слова: быстрорежущая сталь, структура, фазовый состав, электронная микроскопия, механические и трибологические свойства
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Abstract. In this work, the authors used the methods of modern physical materials science to investigate the structure, defective substructure, phase 

composition, tribological and mechanical properties of the surfacing subjected to high-temperature tempering at 580 °C and subsequent electron beam 
processing. The deposited layers up to 10 mm thick are formed by plasma surfacing with PP-18YU powder wire in a nitrogen medium. According 
to the phase composition, the deposited layers consist of α-Fe and carbides of Me6C composition. After tempering, the polycrystalline structure 
of the deposited layer contains grains of 7.0 – 22.5 μm in size with layers of the second phase along the boundaries and at the joints of grains with 
composition V4C3 , Cr7C3 , Fe3C, Cr23C6 , WC1 – x . Electron beam processing forms a thin surface layer (30 – 50 μm) with grains of cellular (columnar) 
structure of high-speed crystallization of submicron (100 – 250 nm) size. Particles of the second phase of the nanoscale range of globular and faceted 
shapes were detected in the volume of grains and along the boundaries. 

Keywords: high-speed steel, structure, phase composition, electron microscopy, mechanical and tribological properties

Acknowledgements: The work was supported by the Russian Science Foundation, grant No. 23-19-00186, https://rscf.ru/project/23-19-00186/. 
Authors express their gratitude to Dr. Sci. (Phys.-Math.), Prof. I.Y. Litovchenko for his assistance in conducting electron microscopic studies and 
Dr. Sci. (Eng.), Assist. Prof. N.N. Malushin for the samples provided.

For citation: Gromov V.E., Chapaikin A.S., Bashchenko L.P. Structural-phase states and properties of high-speed surfacing after tempering and 
electron beam processing. Izvestiya. Ferrous Metallurgy. 2024;67(5):563–566. https://doi.org/10.17073/0368-0797-2024-5-563-566

Structural-phase states and properties 
of high-speed surfacing after tempering 

and electron beam processing
V. E. Gromov , A. S. Chapaikin, L. P. Bashchenko

Сибирский государственный индустриальный университет (Россия, 654007, Кемеровская обл. – Кузбасс, Новокузнецк, 
ул. Кирова, 42)

Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region – Kuzbass 654007, Russian Federation)

Short Report 
Краткое сообщение

Структурно-фазовые состояния и свойства 
быстрорежущей наплавки после отпуска 

и электронно-пучковой обработки
В. Е. Громов , А. С. Чапайкин, Л. П. Бащенко

©  V. E. Gromov, A. S. Chapaikin, L. P. Bashchenko, 2024

Materials science Материаловедение

https://doi.org/10.17073/0368-0797-2024-5-563-566
https://fermet.misis.ru/index.php/jour/search/?subject=быстрорежущая сталь
https://fermet.misis.ru/index.php/jour/search/?subject=структура
https://fermet.misis.ru/index.php/jour/search/?subject=фазовый состав
https://fermet.misis.ru/index.php/jour/search/?subject=электронная микроскопия
https://fermet.misis.ru/index.php/jour/search/?subject=механические и трибологические свойства
https://rscf.ru/project/23-19-00186/
https://fermet.misis.ru/index.php/jour/search/?subject=high-speed steel
https://fermet.misis.ru/index.php/jour/search/?subject=structure
https://fermet.misis.ru/index.php/jour/search/?subject=phase composition
https://fermet.misis.ru/index.php/jour/search/?subject=electron microscopy
https://fermet.misis.ru/index.php/jour/search/?subject=mechanical and tribological properties
https://rscf.ru/project/23-19-00186/
https://doi.org/10.17073/0368-0797-2024-5-563-566
mailto:gromov%40physics.sibsiu.ru?subject=
mailto:gromov%40physics.sibsiu.ru?subject=


Известия вузов. Черная металлургия. 2024;67(5):563–566.
Громов В.Е., Чапайкин А.С., Бащенко Л.П. Структурно-фазовые состояния и свойства быстрорежущей наплавки после отпуска ...

564

 Introduction

In the mining, metallurgical, and construction indust-
ries, surfacing is applied to protect products from various 
types of wear, corrosion, and static and dynamic loads, 
ensuring high functional properties [1; 2]. 

Recently, scientific research and practical develop-
ments in plasma surfacing with high hardness materi-
als (R18, R6M5, R2M9, and others) using nitrogen as 
an alloying element have been actively advancing [1]. 
When selecting a surfacing material that meets opera-
tional conditions, it is crucial to thoroughly investigate 
the structure, phase composition, mechanical, and tribo-
logical properties, as well as their evolution during sub-
sequent heat treatment [3]. 

It is important to note that surface layers play a sig-
nificant role, and the formation of microdefects in these 
layers can lead to macro-failure. In this regard, develo-
ping highly effective methods for forming surface layers 
with high performance characteristics on working sur-
faces becomes relevant. This problem can be addressed 
by traditional strengthening methods (chemical-thermal, 
mechanical, physical, etc.) [3]; however, in some cases, 
these methods do not ensure good adhesion to the sub-
strate. From this perspective, electron beam processing 
(EBP) is an effective method, significantly enhancing 
the mechanical properties of the entire material by opti-
mizing the structural-phase states of surface layers [4]. 
The application of EBP is considerably more effective 
than traditional material processing methods. 

The aim of this study is to investigate the structural-
phase states and properties of surfacing formed in a nitro-
gen-rich protective and alloying environment from high-
speed steel R18Yu during subsequent high-temperature 
tempering and EBP.

 Materials and method

The material used for the study consisted of 30KhGSA 
steel samples with a deposited layer of R18Yu steel. 
The deposited layer was applied using plasma surfacing 
in a nitrogen environment, with the use of non-current-
carrying powder wire PP-R18Yu. The chemical compo-
sition of R18Yu steel (wt. %): С 0.87; Cr 4.41; W 17.00; 
Mo 0.10; V 1.50; Ti 0.35; Al 1.15; N 0.06; the balan-
 ce is iron. During plasma surfacing, the consumption 
of the shielding gas (nitrogen) Qshield was 20 – 22 l/min, 
and the consumption of the plasma-forming gas (argon) 
Qplasma was 6 – 8 l/min. The methodology of plasma 
surfacing and the justification for the chosen mode are 
detailed in previous works [1; 2]. The studies were 

conducted after surfa cing, high-temperature tempering 
at a heating temperature of 580 °C (holding time 1 h, 
with four tempering cycles), and EBP. The irradiation 
was carried out with an elect ron beam energy density 
of 30 J/cm2. The pulse duration was 50 µs, the num-
ber of irradiation pulses was 5, and the pulse repetition 
frequen cy was 0.3 s–1. 

The investigation of the structure, defect substruc-
ture, phase, and elemental composition was performed 
using scanning electron microscopy (KYKY-EM 6900) 
and transmission electron microscopy (JEM-2100 
JEOL) [5 – 7]. Microhardness was measured by the 
Vicker s method (HVS-1000 device) with a load of 1 N 
on the indenter, and tribological properties were eva-
luated using a Pin on Disc and Oscillating Tribotester. 

 Results and discussion

Plasma surfacing forms a layer in which the main 
phases are α-Fe and Me6C carbides, which create a car-
bide network and serve as the primary strengthening 
phase. During the formation of the deposited layer, 
nanosized particles of the carbide phase form within 
the grains. The values of microhardness Hμ , wear rate V, 
and friction coefficient k are provided in the Table. 

After high-temperature tempering, the grain size 
ranges from 7.0 to 22.5 μm. The results of the elemen-
tal composition study, conducted by mapping the frame 
mesh of the deposited layer, indicate that the mesh grains 
are enriched with tungsten, iron, and chromium atoms 
(see the Figure). Analysis of micro-electron diffraction 
patterns shows that the frame is composed of complex 
carbides Fe3W3C (Fe2W4C). The carbide phase grain 
sizes range from 80 to 350 nm. Mapping of the solid solu-
tion grains based on α-Fe shows the presence of tungsten, 
chromium, vanadium, iron, and carbon atoms, suggesting 
the presence of nanosized particles of complex carbide 
phases. These particles are round or faceted in shape, 
with sizes ranging from 10 to 18 nm.

Microhardness and tribological parameters 
of the deposited layer

Микротвердость и трибологические параметры 
наплавленного слоя

State Hμ ,
GPa

Vꞏ106,
mm3/(Nꞏm) k

Deposition 4.7 8.9 0.70
Deposition + tempering 5.3 9.9 0.65
Deposition + tempering + EBP 5.3 3.3 0.58

Для цитирования: Громов В.Е., Чапайкин А.С., Бащенко Л.П. Структурно-фазовые состояния и свойства быстрорежущей наплавки после 
отпуска и электронно-пучковой обработки. Известия вузов. Черная металлургия. 2024;67(5):563–566.
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Analysis of the corresponding micro-electron diffrac-
tion patterns shows that the globular particles, randomly 
distributed within the α-Fe grains, are carbides of compo-
sitions V4C3 or Cr7C3 . The faceted particles are carbides 
of compositions Cr23C6 (Мe23С6 ), Fe3C or WC1 – x .

After tempering, the microhardness increases by 13 %, 
reaching 5.3 GPa, the wear rate increases by 12.3 %, and 
the friction coefficient decreases by 7 % (see Table).

Electron beam processing (EBP) of the tempered 
depo sited layer forms a thin (30 – 50 μm) surface layer 
with a cellular (grain) structure of high-speed crystalliza-
tion with submicron grain sizes (100 – 250 nm). Particles 
of the se cond phase, with transverse sizes of 10 – 15 nm, 
are located along the crystallization cell boundaries. In some 
cases, particles of faceted or globular shape, up to 45 nm 
in size, are detected at the boun daries and within the cells. 
Second-phase particles are also observed within the cells, 
with particle sizes ranging from 5 to 10 nm. Analysis 
of the micro-electron diffraction patterns indicates that 
these are complex carbides Me6C, Me23C6 , Me3C, and 
Me7C3 (where Мe represents chromium, iron, and tung-
sten). EBP results in a multiple (threefold or more) increase 
in the mate rial’s wear resistance, a reduction in the friction 
coefficient, while maintaining the same microhardness.

 Conclusions

Using modern physical materials science methods, 
the structure, elemental and phase composition, defect 
substructure, and mechanical and tribological proper-
ties of the deposited layer of R18Yu high-speed steel in 
a nitrogen-based protective-alloying environment, sub-
jected to high-temperature tempering and additional irra-
diation by a pulsed electron beam in the mode of high-
speed melting of the thin surface layer, were studied.
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Abstract. Today, researchers and industry are faced with the task of improving the physical and mechanical properties of various metal products. 

To strengthen the structures, there are various technologies for processing the material surface by high-temperature exposure. At the same time, 
the use of laser technologies is of great interest. High-speed local laser heating of the material surface followed by rapid cooling with heat removal 
into the volume depth, as well as the absence of mechanical action, allows us to obtain unique nonequilibrium structures with a wide range of proper-
ties. Obviously, the development of these technologies requires deep fundamental research. In this work, the molecular dynamics method revealed 
the features of structural changes in the surface layers of an iron crystal under high-temperature exposure. The choice of such a method is due to the fact 
that the phenomena under consideration are difficult to study through real experiments and direct observations. Conditions of the computer experi-
ment were set in such a way that after the melting point is reached, a phase transition occurs in the simulated system, during which particles are sepa-
rated from the surface of the liquid phase. As a result of the study, the threshold temperature of particle ejection was estimated and the mechanisms 
of particle cluster formation were investigated. When heated, the number of clusters increases, and when cooled, it decreases, but at the same time 
their sizes increase, which indicates the implementation of the condensation mechanism of ablation products. Additionally, the influence of external 
pressure on the simulated particle system was studied. It is shown that as the pressure increases, the number of clusters decreases. 

Keywords: crystal, model, temperature, surface, ablation, cluster
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 Introduction

Under the influence of high temperatures, the structure 
of the material undergoes changes. Studying the effect 
of high temperatures on structural changes in metals in 
the field of condensed matter mechanics poses numerous 
challenges related to the fundamental properties and struc-
tural transformations of materials. It is worth noting that 
there has been growing interest in methods for producing 
nanoparticles through material ablation under high-tempe-
rature exposure. Irradiation with ultrashort laser pulses 
is of practical interest [1; 2], and both experimental and 
theoretical studies have been devoted to this topic [3 – 5]. 
Currently, theoretical methods are available that are based 
on the construction of thermal models [6] and the analysis of 
energy balance scattering during laser emission [7]. These 
methods allow us to evaluate the effect of laser irradiation 
on surface structure modifications. It should be noted that 
phenomena characteristic of laser irradiation of materials, 

such as ablation and desorption, have been stu died using 
molecular dynamics simulations [8; 9]. Applied to solids, 
molecular dynamics can reveal the differences between 
desorption and ablation, predict the distribution of clusters 
in samples [10 – 12], the distribution of particles by radial 
and axial velocities, and explain the dependence of abla-
tion on laser properties [13 – 15], such as energy density 
and pulse duration [16; 17]. It is known that for many 
materials, the ablation process is accompanied by the for-
mation of particle clusters. Mechanisms for their formation 
include condensation of the ejected particle cloud, phase 
explosion, hydrodynamic spraying, and photomechani-
cal effects [18; 19]. As part of this study, the mechanisms 
of particle cluster formation were investigated.

 Research methodology

To conduct the numerical experiment, the molecular 
dynamics method was chosen, which allows for the simu-
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lation of various statistical ensembles of particles, as well 
as the comparison of obtained results in real time. 

The implementation of the molecular dynamics simu-
lation largely depends on the interatomic potential. For 
the potential calculation, the “embedded atom” model 
was used, based on the theory of calculating the elect-
ronic structure of many-particle systems in physics.

During the calculation of the particle system mode-
led in the study, metal cells (BCC lattices) with a lattice 
parameter of а0 = 2.855 Å, were constructed and trans-
lated along the x, y, and z axes. The resulting simulation 
cell imitated an iron crystal and contained 30,000 par-
ticles. The infinite extent of the crystal was achieved using 
periodic boundary conditions, and to create the surface 
along the y-axis, free boundary conditions were applied. 

During the simulation, the computational cell was 
divided into regions, each assigned a specific tempera-
ture decreasing with distance from the surface. Using the 
semi-infinite solid body model, an analytically exact solu-
tion to the thermal problem can be obtained through inte-
gral transformations [20]. In this case, if the source inten-
sity is constant, the temperature distribution in the depth 
of the sample during the heating stage is determined as a 
function of the coordinates using the formula:

          (1)

where A = 0.68 is the absorptivity; q = 
= 3.5 ÷ 6.5 МW/cm2 is the energy density; λ = 80 W/(mꞏK) is 
the thermal conductivity coefficient; a = 2.621ꞏ10‒5 m2/s 
is the thermal diffusivity; τ = 10ꞏ10‒12 s is the exposure 
duration. 

The function ierfc(x) is the integral of the complemen-
tary error function:

     (2)

After the laser exposure ceases, the cooling stage 
begins, and the temperature distribution is determined 
by the following formula:

        (3)

 Results and discussion

To identify clusters, the particle system was divided 
into separate groups based on a distance criterion, which 
was set to be twice the value of the lattice parameter. 
A cluster is defined as a group of particles where each 
particle is located at a distance no greater than the cut-

off radius from one or more particles of the same group. 
Once the particle clusters are identified, they are colored 
according to their size. The color gradient changes from 
violet to red as the number of particles in the cluster 
increases.

The conducted research demonstrated that during 
the heating process, an increasing number of clusters 
are gradually identified, which are generally represented 
by individual particles (Fig. 1, a). During the cooling 
process, the number of identified clusters decreases while 
their size increases, meaning that previously ejected par-
ticles start to group together (Fig. 1, b). The condensation 
mechanism of ablation products is realized in the consi-
dered model.

Fig. 1. Visualization of identified clusters after 10 (a) 
and 18 ps (b) of model time (q = 5 MW/cm2; 
сolor visualization matches sizes of clusters) 

Рис. 1. Визуализация идентифицируемых кластеров через 10 (а) 
и 18 пс (b) модельного времени (q = 5 МВт/см2; 

цветовая визуализация соответствует размерам кластеров)

Fig. 2. Visualization of identified clusters after 20 ps of model time 
at a laser radiation energy density of 3.5; 5,0 and 6.5 MW/cm2 (а ‒ c) 

(сolor visualization matches sizes of clusters) 

Рис. 2. Визуализация идентифицируемых кластеров через 20 пс 
модельного времени при плотности энергии лазерного 

излучения 3,5; 5,0 и 6,5 МВт/см2 (а ‒ c) 
(цветовая визуализация соответствует размерам кластеров)
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Identified clusters at different laser radiation densities 
are shown in Fig. 2. A higher laser energy density con-
tributes to the formation of more clusters (for q = 3.5, 5.0, 
and 6.5 MW/cm2, the number of clusters is 6, 23, and 38, 
respectively).

A study of the effect of system pressure on the num-
ber of forming clusters was also conducted. The barostat 
algorithm used in the simulation ensures that the system’s 
volume becomes a variable quantity, adjusting to main-
tain constant pressure [20]. Clusters formed under diffe-
rent pressure levels are shown in Fig. 3. 

The number of clusters decreases with increasing 
pressure. The change in their number during the simula-
tion process is shown in Fig. 4.

 Conclusions

As a result of the conducted research, a model was 
developed using the molecular dynamics method, which 
made it possible to study the laser ablation process occur-
ring under the influence of short pulses with low energy 
density. A study of the formation of particle clusters dur-
ing ablation was conducted. A numerical dependence of 
the number of formed clusters on the pressure applied to 
them was established.
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Аннотация. Исследованы фазовый состав, параметры кристаллической решетки, механические свойства и коррозионная стойкость под 

напряжением высокоазотистых аустенитных и аустенито-ферритных Cr – Mn сталей после гомогенизирующей обработки, старения 
и холодной пластической деформации. Установлено, что легирование Cr – Mn сталей кремнием и ванадием может приводить к образо-
ванию разных количеств ферромагнитного ẟ-феррита и уже с малых его содержаний к существенному упрочнению, обусловленному 
зернограничным эффектом. Присутствие ẟ-феррита оказывает упрочняющий эффект как после гомогенизирующей обработки, так и при 
холодной пластической деформации. В легированных ванадием Cr – Mn сталях даже после аустенитизирующей обработки при 1250 °С 
сохраняется более мелкое зерно аустенита 8 – 9 номера, чем у сталей, легированных кремнием, имеющих после закалки от более низкой 
температуры (1150 – 1170 °С) большее по размеру зерно 6 – 7 балла. Образование даже небольших количеств ẟ-феррита приводит 
к снижению сопротивления коррозионному растрескиванию высокоазотистых хромомарганцевых сталей. При этом сопротивление 
коррозионному растрескиванию высокоазотистых сталей с ẟ-ферритом оказывается значительно ниже, чем у содержащих 0,4 % азота 
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Abstract. The authors studied the phase composition, crystal lattice parameters, mechanical properties and stress corrosion resistance of high-nitrogen 

austenitic and austenitic-ferritic Cr – Mn steels after homogenizing treatment, aging and cold plastic deformation. It was established that alloying 
of Cr – Mn steels with silicon and vanadium can lead to the formation of different amounts of ferromagnetic ẟ-ferrite and, from its low content, 
to significant hardening due to the grain-boundary effect. The presence of ẟ-ferrite has a hardening effect both after homogenizing treatment and 
during cold plastic deformation. In vanadium-alloyed Cr – Mn steels, even after austenitization treatment at 1250 °C, a finer grain of austenite 
of 8 – 9 numbers is retained than those of steels alloyed with silicon, having after quenching from a lower temperature (1150 – 1170 °C) larger grain 
of 6 – 7 numbers. Formation of even small amounts of ẟ-ferrite leads to a decrease in corrosion cracking resistance of high-nitrogen chromium-manga-
nese steels. At the same time, corrosion resistance of high-nitrogen steels with ẟ-ferrite is significantly lower than that of austenitic steels containing 
0.4 % nitrogen and more single-phase Cr – Mn. Aging causes significant hardening of high-nitrogen, alloyed with both silicon and vanadium, Cr – Mn 
steels with ẟ-ferrite and is accompanied by a loss of ferromagnetism with a significant decrease in toughness and ductility. Disappearance of ferro-
magnetism seems to be due to the fact that ẟ-ferrite disintegrates into a σ-phase and a paramagnetic nitrogen-containing austenite. Microstructural and 
X-ray diffraction studies indicate that the aging of steel with ẟ-ferrite proceeds by a continuous mechanism, accompanied by a monotonous decrease 
in the lattice parameter of austenite due to the release of nitrides from it. Aging of two-phase steels, leading to the disappearance of ẟ-ferrite and ferro-
magnetism, caused a catastrophic decrease in corrosion cracking resistance. 

Keywords: high-nitrogen Cr – Mn steels, ẟ-ferrite, microstructure, mechanical properties, stress corrosion resistance
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 Introduction

When assessing the prospects, sequence of adoption, 
and results of carbon-free technologies in metallurgy, 
it has been noted [1] that nitrogen could serve as an alter-
native to carbon as a strengthening element in steel, pro-
viding greater strengthening than carbon in traditional 
steels [2; 3]. Corrosion-resistant high-nitrogen steels 
have been developed, containing at least 12 wt. % chro-
mium, which exhibit high static and cyclic strength, wear 
resistance, and enhanced capability for plastic deforma-
tion while maintaining good ductility and impact tough-
ness [4; 5]. It is known that austenitic Cr – Ni and Cr – Mn 
steels, as well as corrosion-resistant martensitic and aus-
tenitic-martensitic steels, have low resistance to stress 
corrosion cracking (SCC) [6]. Higher long-term corrosion 
resistance is observed in ferritic and austenitic-ferritic 
steels. Austenitic high-nitrogen Cr – Mn steels, which are 
also highly resistant to hydrogen embrittlement and pos-
sess high corrosion fatigue strength, have demonstrated 
resistance to SCC in various environments [7 – 10]. 

The studies [10; 11] examined the influence of silicon 
on the fine structure and wear resistance of high-nitrogen 
Cr – Mn steels under dry sliding friction. It was established 
that alloying with silicon improves resistance to adhe-
sive wear while maintaining low friction coefficients 
(f  = 0.25 – 0.33). The effect of silicon on the tribological 
properties of these steels is associated with the activa-
tion of planar dislocation slip. Additionally, in [10], it is 
noted that metastable austenitic Cr – Mn steels, alloyed 

with 0.15 – 0.25 wt. % nitrogen, exhibit increased resis-
tance to cavitation-erosion damage [12] and abrasive 
wear [13], which is largely explained by the formation 
of deformation-induced α-martensite under contact loa-
ding. The high resistance of Nitronic 60 steel to adhesive 
wear is attributed by the authors [14; 15] to the low stack-
ing fault energy of austenite, the steel’s ability for inten-
sive strain hardening, and the formation of oxide films 
on the friction surface that prevent galling.

It is of interest to evaluate the SCC resistance of nitro-
gen-containing Cr – Mn steels with an austenitic-ferritic 
structure. The aim of this study is to investigate the influ-
ence of certain ferrite-forming elements (such as silicon 
and vanadium) on the corrosion-mechanical properties 
of Cr – Mn steels. 

 
 Materials and methods

The steels were melted under normal conditions 
at atmospheric pressure in a 60-kg induction furnace. 
The chemical composition of the studied steels is shown 
in Table 1. The sulfur and phosphorus content in all 
the melted steels did not exceed 0.01 and 0.04 wt. %, 
respectively. The ingots of nitrogen-containing steels 
were homogenized at 1150 °C for 8 – 15 h and forged 
into bars with a cross-section of 20×20 mm2. From these, 
standard fivefold tensile test specimens with a work-
ing diameter of 5 mm and standard specimens with 
a 10×10 mm2 cross-section and a U-shaped notch were 
prepared for impact toughness testing.

Table 1. Chemical composition of high­nitrogen Cr – Mn steels and content of ẟ­ferrite in them

Таблица 1. Химический состав высокоазотистых Cr – Mn сталей и содержание в них ẟ­феррита

Steel grade
Element content, wt. % Amount of 

ẟ-ferrite, %N Si V Cr Mn C
10Kh16G17S4А0.3 0.28 4.50 0.09 16.0 17.1 0.11 3
12Kh19G19S2А0.5 0.50 2.37 0.13 19.3 19.4 0.13 0
10Kh19G20S4А0.5 0.52 4.30 0.18 19.6 20.3 0.10 32
07Kh18G19FА0.4 0.42 0.49 1.04 17.5 18.9 0.07 5
07Kh19G18FА0.7 0.73 0.35 1.07 18.8 18.0 0.07 0

и более однофазных Cr – Mn аустенитных сталей. Старение вызывает существенное упрочнение высокоазотистых, легированных как 
кремнием, так и ванадием, Cr – Mn сталей с ẟ-ферритом и сопровождается потерей ферромагнетизма при значительном уменьшении 
ударной вязкости и пластичности. Исчезновение ферромагнетизма, по-видимому, обусловлено тем, что происходит распад ẟ-феррита на 
σ-фазу и парамагнитный азотсодержащий аустенит. Микроструктурные и рентгеноструктурные исследования свидетельствуют о том, что 
старение стали с ẟ-ферритом протекает по непрерывному механизму, сопровождающемуся монотонным снижением параметра решетки 
аустенита в связи с выделением из него нитридов. Старение двухфазных сталей, приводящее к исчезновению ẟ-феррита и ферромагне-
тизма, вызвало катастрофическое снижение стойкости против коррозионного растрескивания. 

Ключевые слова: высокоазотистые Cr – Mn стали, ẟ-феррит, микроструктура, механические свойства, коррозионная стойкость под напряже-
нием
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The ultimate tensile strength and yield strength 
of the steels were determined with an error margin 
of ±5 MPa, and the elongation was measured with an 
accuracy of 0.1 %. SCC (stress corrosion cracking) tests 
were conducted using a specially developed method [16] 
in a 20 % aqueous sodium chloride solution in distilled 
water at room temperature and at stresses ranging from 
0.80 to 0.95 of the yield strength. 

The microstructure was studied using an Axio 
Observer.D1m optical microscope. Magnetic measure-
ments were performed on an α-phase meter, which 
records the content of ẟ-ferrite.

X-ray diffraction studies were conducted on a DRON-4-07 
diffractometer using iron radiation. Qualitative and quan-
titative phase analysis was performed using the Rietveld 
method [17], following the optimization of interference 
maxima. The accuracy of the quantitative phase analysis 
was ±5 %. Precision measurements of the austenite lat-
tice parameter were carried out using the final interfe-
rence lines 311α1 and 222α1 , recorded in discrete mode 
with a step of 0.02° [18; 19].

 Results and discussion

X-ray diffraction and magnetometric phase analy-
sis indicate that Cr – Mn steels 12Kh19G19S2A0.5 and 
07Kh19G18FA0.7 are in the austenitic state (Table 1). 
In steels with lower nitrogen content, a small amount 
(3 – 5 %) of the ferromagnetic ẟ-ferrite phase is addition-
ally present, while in steel with 4 % silicon, the ẟ-ferrite 
content reaches 32 %. Dispersed grains of ẟ-ferrite 
of vario us shapes and sizes are mainly located along 
the boundaries of austenite grains (Fig. 1). 

Steels alloyed with silicon, after homogenizing treat-
ment at 1150 – 1170 °C, exhibited the same austenite 
grain size, corresponding to 6 – 7 numbers. In vana-
dium-alloyed steels, even after austenitizing treatment 
at 1250 °C, a finer austenite grain size of 8 – 9 numbers 
was retained.

The mechanical properties of the steels after homo-
genizing treatment are shown in Table 2. For comparison, 
the lower part of the table provides the mechanical pro-
perties of similar Cr – Mn austenitic steels with a simi-
lar nitrogen concentration but not alloyed with silicon or 
vanadium. It can be seen that at equal nitrogen concent-
rations, steels containing ẟ-ferrite have higher strength 
properties and lower values of elongation and impact 
toughness compared to austenitic steels not alloyed with 
silicon or vanadium, which promote the formation of fer-
rite.

High-nitrogen Cr – Mn steels containing ẟ-ferrite, like 
similar austenitic steels, are significantly hardened during 
cold plastic deformation while maintaining good ducti-
lity. The hardening degree (Δσ/Δε) of steels with different 
nitrogen and silicon concentrations, as well as the criti-
cal degree of cold deformation (еcr ) required to achieve 
a yield strength of 1200 N/mm2 in some critical compo-
nents (e.g., retaining rings of powerful turbogenerators), 
are shown in Table 3.

In terms of these parameters, austenitic-ferritic steels 
containing 0.3 – 0.5 % nitrogen and 4 % silicon were 
found to be comparable to steels not alloyed with silicon 
but containing a higher nitrogen content. At the same 
time, alloying austenitic steel 12Kh19G19S2A0.5 with 
2 % silicon had virtually no effect on the harde ning degree 
or the critical deformation degree еcr . These parameters 
were similar to those of steel 08Kh18G18A0.5. Thus, it 
can be inferred that the presence of ẟ-ferrite has a harde-
ning effect (grain-boundary hardening), both after 
homogenizing treatment and during cold plastic defor-
mation. 

At the same time, even the formation of small 
amounts of ẟ-ferrite reduces the stress corrosion crack-
ing (SCC) resistance of high-nitrogen Cr – Mn steels. 
For instance, while the formation of 3 % ẟ-ferrite in 
steel 10Kh16G17S4A0.3 did not significantly affect 

Fig. 1. Microstructure of quenched from 1100 °С 
10Kh19G20S4A0.5 steel with ẟ-ferrite

Рис. 1. Микроструктура закаленной от 1100 °С 
стали 10Х19Г20С4А0,5 с ẟ-ферритом

Table 2. Mechanical properties of high­nitrogen steels  
after homogenizing treatment

Таблица 2. Механические свойства высокоазотистых 
сталей после гомогенизирующей обработки

Steel grade σ0.2 , 
N/mm2

σu , 
N/mm2

δ,
 %

Ψ, 
%

KCU,
J/cm2

10Kh16G17S4А0.3 465 908 66 63 287
12Kh19G19S2А0.5 522 924 65 72 –
10Kh19G20S4А0.5 590 982 52 61 –
07Kh18G19FА0.4 530 890 46 63 122
07Kh19G18FА0.7 720 1100 43 62 181
05Kh14G20А0.3 350 720 68 74 –
08Kh18G18А0.5 530 910 67 73 360
08Kh19G19А0.7 570 990 63 72 300
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SCC re  sistance compared to the similar silicon-free 
austenitic steel 05Kh14G20N4A0.3, which has low 
resistance, the presence of 32 % ẟ-ferrite in steel 
10Kh19G20S4A0.5 drastically reduced its SCC resis-
tance compared to the austenitic steel 08Kh18G18A0.5, 
which is not susceptible to SCC [20 – 22] (Table 3). In 
the case of silicon alloying while retaining the austenitic 
structure (steel 12Kh19G19S2A0.5), no reduction in SCC 
resistance is observed. Similarly, the presence of ẟ-ferrite 
affects vanadium-alloyed steels. For example, the two-
phase steel 07Kh18G19FA0.4 is prone to SCC within 
250 – 750 h under stresses of 1050 – 1150 N/mm2, while 
austenitic steel 07Kh19G18FA0.7, subjected to the same 
stress le vels, was removed from testing after 5000 h with-
out any signs of SCC.

Aging causes significant hardening of high-nitrogen 
Cr – Mn steels alloyed with both silicon and vanadium, 

converting them into a non-magnetic state. For example, 
the yield strength of the vanadium-containing high-nitro-
gen steel 07Kh18G19FA0.4 with 5 % ẟ-ferrite increases 
by 290 N/mm2 after 16 h at 650 °C, whereas in the aus-
tenitic steel 07Kh19G18FA0.7, it increases by only 
190 N/mm2 compared to homogenizing treatment, with 
a significant decrease in impact toughness and ductil-
ity in both steels. The negative effect of vanadium and 
silicon on ductility and impact toughness is also noted 
in aging carbon-containing austenitic steels [23]. It is 
worth noting that in the high-nitrogen steel alloyed with 
silicon and containing 32 % ẟ-ferrite, hardness increases 
to 35 – 37 HRC after 2 – 4 h at 700 °C, comparable 
to the hardness of highly tempered alloy steels with 
0.4 % carbon. 

It should be noted that after aging, steels with ẟ-ferrite 
become non-magnetic, apparently due to its decomposi-
tion (according to the phase diagram) into the σ-phase and 
paramagnetic nitrogen-containing austenite. In this case, 
the content of ẟ-ferrite decreases monotonically with 
increasing aging time (Fig. 2). Microstructural and X-ray 
diffraction studies (Fig. 3) indicate that the aging of steel 
with ẟ-ferrite proceeds by a continuous mechanism, 
accompanied by a gradual decrease in the austenite lattice 
parameter due to the precipitation of nitrides. At the same 
time, in high-nitrogen Cr – Mn austenitic steels contain-
ing more than 0.3 % nitrogen and not alloyed with sili-
con, the intermittent decomposition of austenite becomes 
significantly more pronounced during aging [24]. 

Aging of two-phase steels, leading to the disappea-
rance of ẟ-ferrite, resulted in a catastrophic decrease in 
SCC resistance. Aged samples experienced stress corro-
sion cracking under the selected test conditions within 
10 – 70 h.

Fig. 3. Dependence of austenite lattice parameter of steels 
10Kh16G17S4A0.3 (1) and 10Kh19G20S4A0.5 (2) 

on duration of aging at 700 °С:
 – calculation by line 311α1 ;  – calculation by line 222α1

Рис. 3. Зависимость параметра решетки аустенита сталей 
10Х16Г17С4А0,3 (1) и 10Х19Г20С4А0,5 (2) от продолжительности 

старения при 700 °С:
 – расчет по линии 311α1 ;  – расчет по линии 222α1

Table 3. Hardening degree (Δσ/Δε) during cold 
plastic deformation by 15, 30, 40 % and critical 

deformation degree (еcr ) for different Cr – Mn steels

Таблица 3. Степень упрочнения (Δσ/Δε) при холодной 
пластической деформации на 15, 30, 40 % и критическая 

степень деформации (еcr ) для разных Cr – Mn сталей

Steel grade

Δσ/Δε for 
various degrees 

of deformation, %
еcr ,
%

SCC test 
duration, h

15 30 40
10Kh16G17S4A0.3 56.0 36.2 30.5 37 450 – 500 ˅
12Kh19G19S2A0.5 56.0 37.0 31.2 36 3000 ˄
10Kh19G20S4A0.5 65.4 41.6 34.2 27 300 – 2000 ˅

05Kh14G20A0.3 42.0 29.0 24.7 50 430 – 550 ˅
08Kh18G18A0.5 55.0 36.7 31.0 36 5000 ˄
08Kh19G19A0.7 66.0 42.0 34.7 26 5300 ˄

N o t e : ˅ – samples failed during SCC testing; ˄ – samples 
were withdrawn from testing without signs of SCC.

Fig. 2. Change in the content of ẟ-ferrite in 10Kh19G20S4A0.5 steel 
depending on duration of aging at 700 °С

Рис. 2. Изменение содержания ẟ-феррита в стали 10Х19Г20С4А0,5 
в зависимости от продолжительности старения при 700 °С



Izvestiya. Ferrous Metallurgy. 2024;67(5):573–578.
Goikhenberg Yu.N., Polukhin D.S. Effect of silicon and vanadium on corrosion-mechanical properties of high-nitrogen Cr – Mn steels

577

 Conclusions

Alloying high-nitrogen Cr – Mn steels with silicon or 
vanadium leads to the formation of ẟ-ferrite and signifi-
cant hardening, both after homogenizing treatment and 
during cold plastic deformation, which is due to the grain-
boundary effect. 

In vanadium-alloyed Cr – Mn steels, even after aus-
tenitizing treatment at 1250 °C, a finer austenite grain size 
(8 – 9 numbers) is retained compared to silicon-alloyed 
steels, which exhibit a coarser grain size (6 – 7 numbers) 
after quenching at 1150 – 1170 °C.

The formation of even small amounts (3 – 5 %) 
of ẟ-ferrite in high-nitrogen Cr – Mn austenitic steels, 
along with hardening, leads to a reduction in stress corro-
sion cracking resistance. 

Aging is accompanied by a further reduction in stress 
corrosion resistance, the disappearance of magnetism, 
and significant hardening of high-nitrogen Cr – Mn steels 
containing ẟ-ferrite, likely due to its decomposition 
into the σ-phase and nitrogen-containing paramagnetic 
austenite, as well as the precipitation of nitrides.
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Abstract. The paper presents original experimental data on the viscosity and electrical resistivity of liquid cast irons IChKh28N2 and ICh310Kh24M2F4TR. 

The authors discuss the measurement results within the framework of the concept of metal melts microheterogeneity. Liquid cast iron in a micro-
heterogeneous state is considered as a dispersed system consisting of dispersed Fe – 30 % Cr particles distributed in a Fe – 3 % C dispersion medium. 
The concept of colloidal microheterogeneity (microheterogeneity) of Fe – C melts was first formulated by Wertman & Samarin more than 80 years ago 
and found another confirmation in this work. The introduction of theoretical approaches to the rheology of dispersed systems into the analysis 
of the temperature dependences of the viscosity of microheterogeneous melts made it possible to estimate the parameters of microheterogeneity: 
the volume fraction and size of dispersed particles. The volume fraction of dispersed particles was determined using the Taylor equation for the viscosity 
of dispersed systems and size of dispersed particles – within the framework of the theory of absolute reaction rates. Analysis of the temperature 
dependences of microheterogeneous melts electrical resistivity within the framework of the theory of transport phenomena (in this case, conductivity) 
in inhomogeneous media (microheterogeneous melts) made it possible to estimate the volume fraction of dispersed particles. The volume fraction 
of dispersed particles based on data on the electrical resistivity of liquid cast iron was determined using the Odelevsky equation for the inhomogeneous 
media conductivity. The cluster size was determined by the ratio of the melt electrical resistivity at the liquidus temperature and the analysis tempera-
ture, taking into account the known data for the mean free path and the electron scattering coefficient of liquid iron. The volume fraction of dispersed 
particles in liquid cast iron was 0.2 – 0.1 at the liquidus temperature. With increasing temperature, the volume fraction of dispersed particles decreases. 
The cluster size in liquid cast iron was about 3 nm at the liquidus temperature, and with increasing temperature the cluster size decreased to 1 – 2 nm. 
The results obtained are of practical importance: increasing the performance properties of cast iron castings is possible by high-temperature melt treat-
ment (HTMT) in order to change the crystallization conditions and obtain a modified structure. Studies of the microheterogeneous structure of liquid 
cast irons and assessment of microheterogeneity parameters make it possible to substantiate and propose the optimal HTMT mode in order to improve 
the performance characteristics of products made of wear-resistant cast irons alloyed with chromium. 

Keywords: melt, cast iron, microheterogeneity, conductivity of inhomogeneous media, viscosity of dispersions, dispersed particles, melt temperature 
treatment, kinematic viscosity, electrical resistivity
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 Introduction

The development of concepts regarding the microin-
homogeneous structure of complex alloyed metallic melts 
is relevant from a practical perspective for the scientific 
justification of selecting temperature-time treatment 
modes. The discussion of structural transitions related 
to the irreversible destruction of microinhomogeneities 
when heating a melt to a specific temperature Т* for each 
composition makes this justification possible. Measuring 
the temperature dependencies of viscosity, density, elect-
rical resistivity, and surface tension of the melt allows 
determining the temperature Т*, explaining it through 
a structural transition caused by the destruction of micro-
inhomogeneities. Numerous experiments have shown 
that after the structural transition, upon subsequent cool-
ing and crystallization, an ingot with a modified-like 
structure is formed, which exhibits better mechanical 

pro perties. The mechanism of structural transitions in 
complex alloyed metallic melts involves the destruction 
of microinhomogeneity not only in structure but also 
in chemical composition. Anomalies in the temperature 
and concentration dependencies of the structurally sen-
sitive properties of metallic melts – viscosity, density, 
electrical resistivity, and surface tension – are caused 
by changes in the melt structure. Microinhomogeneities, 
which arise due to the predominant interaction of atoms 
of the same or different types, correspond to the disrup-
tion of short-range order (SRO) in the atomic arrangement 
and range between 2 – 5 Å. The microinhomogeneous 
state of metallic melts, which is due to the segregation 
of atoms of a fluctuational nature without clear interfa-
cial boundaries (clusters), is associated with the disrup-
tion of medium-range order (MRO) and ranges between 
5 – 20 Å. The microheterogeneous state of the melt, 
characterized by the presence of dispersed particles 

  chik63@mail.ru
Аннотация. Приведены оригинальные экспериментальные данные о вязкости и удельном электросопротивлении жидких чугунов ИЧХ28Н2, 

ИЧ310Х24М2Ф4ТР. Результаты измерений рассмотрены в рамках представлений о микрогетерогенности металлических расплавов. 
Жидкий чугун в микрогетерогенном состоянии понимался как дисперсная система, состоящая из дисперсных частиц Fe – 30 % Cr, распре-
деленных в дисперсионной среде Fe – 3 % C. Представления о коллоидной микронеоднородности (микрогетерогенности) расплавов Fe – C 
впервые сформулированы А.А. Вертманом и А.М. Самариным более 80 лет назад и нашли еще одно подтверждение в данной работе. 
Привнесение теоретических подходов реологии дисперсных систем в анализ температурных зависимостей вязкости микрогетерогенных 
расплавов позволило оценить параметры микрогетерогенности: объемную долю и их размер. Определение объемной доли дисперсных 
частиц проводилось по уравнению Тейлора для вязкости дисперсных систем и размера дисперсных частиц в рамках представлений 
теории абсолютных скоростей реакций. Анализ температурных зависимостей удельного электросопротивления микрогетерогенных 
расплавов в рамках теории явлений переноса (в данном случае проводимости) в неоднородных средах (микрогетерогенных расплавах) 
дал возможность оценки объемной доли дисперсных частиц. Объемную долю дисперсных частиц по данным об удельном электросопро-
тивлении жидких чугунов определяли из уравнения Оделевского для проводимости неоднородных сред. Установлены размер кластера из 
соотношения величин удельного электросопротивления расплава при температуре ликвидус и температуре анализа с учетом известных 
данных для длины свободного пробега и коэффициент рассеяния электронов жидкого железа. Величина объемной доли дисперсных 
частиц в жидких чугунах составила 0,2 – 0,1 вблизи температуры ликвидус. С повышением температуры объемная доля дисперсных 
частиц уменьшается. Размер кластера в жидком чугуне составил около 3 нм вблизи температуры ликвидус, с повышением температуры 
размер кластера снижается до 1 – 2 нм. Полученные результаты имеют практическое значение: повышение эксплуатационных свойств 
отливок из чугунов возможно путем высокотемпературной обработки расплава (ВТОР) с целью изменения условий кристаллизации и 
получения модифицированной структуры. Исследования микрогетерогенного строения жидких чугунов и оценка параметров микро-
гетерогенности позволит обосновать и предложить оптимальный режим ВТОР с целью повышения эксплуатационных характеристик 
изделий из износостойких чугунов, легированных хромом. 

Ключевые слова: расплав, чугуны, микрогетерогенность, проводимость неоднородных сред, вязкость дисперсий, дисперсные частицы, 
температурная обработка расплава, кинематическая вязкость, удельное электросопротивление

Благодарности: Статья выполнена в рамках государственной работы № FEUZ-2023-0015.

Для цитирования: Цепелев В.С., Синицин Н.И., Чикова О.А., Потапов М.Г., Вьюхин В.В. Микрогетерогенное строение жидких чугунов 
ИЧХ28Н2, ИЧ310Х24М2Ф4ТР. Известия вузов. Черная металлургия. 2024;67(5):579–592.

 https://doi.org/10.17073/0368-0797-2024-5-579-592

1 Уральский федеральный университет имени первого Президента России Б.Н. Ельцина (Россия, 620002, Екатеринбург, 
ул. Мира, 19)
2 Магнитогорский государственный технический университет им. Г.И. Носова (Россия, 455000, Челябинская обл., Маг-
нитогорск, пр. Ленина, 38)

Микрогетерогенное строение жидких чугунов  
ИЧХ28Н2, ИЧ310Х24М2Ф4ТР

В. С. Цепелев1, Н. И. Синицин1, О. А. Чикова1 , 
М. Г. Потапов2, В. В. Вьюхин1

mailto:chik63@mail.ru
https://fermet.misis.ru/index.php/jour/search/?subject=расплав
https://fermet.misis.ru/index.php/jour/search/?subject=чугуны
https://fermet.misis.ru/index.php/jour/search/?subject=микрогетерогенность
https://fermet.misis.ru/index.php/jour/search/?subject=проводимость неоднородных сред
https://fermet.misis.ru/index.php/jour/search/?subject=вязкость дисперсий
https://fermet.misis.ru/index.php/jour/search/?subject=дисперсные частицы
https://fermet.misis.ru/index.php/jour/search/?subject=температурная обработка расплава
https://fermet.misis.ru/index.php/jour/search/?subject=кинематическая вязкость
https://fermet.misis.ru/index.php/jour/search/?subject=удельное электросопротивление
https://doi.org/10.17073/0368-0797-2024-5-579-592
mailto:chik63%40mail.ru?subject=


Izvestiya. Ferrous Metallurgy. 2024;67(5):579–592.
Tsepelev V.S., Sinitsin N.I., etc. Microheterogeneous structure of liquid cast irons IChKh28N2 and ICh310Kh24M2F4TR

581

enriched with one component suspended in a surround-
ing medium of a different composition with a distinct 
interphase surface, corresponds to the disruption of long-
range order (LRO) and a range of more than 20 Å [1]. 
In work [2], the primary focus is on studying impurity 
effects corresponding to SRO in complex alloyed melts, 
including investigations of the structure and properties 
of iron-based melts aimed at improving cast iron and steel 
production technologies. From a methodological point 
of view, alongside direct diffraction studies of the struc-
ture, a large amount of information is provided by mea-
suring physical properties such as magnetic susceptibility, 
electrical resistivity, viscosity, and density. For example, 
magnetic susceptibility together with electrical resistivity 
forms a pair of electron-sensitive properties that allow 
assessing the character of short-range order in the system, 
the distribution of impurities, and alloying effects. Study-
ing the entire set of properties makes it possible to influ-
ence the melt by applying small additives. The oscillatory 
nature of their influence facilitates achieving significant 
effects through small concentration changes. Moreover, 
the possibility arises to control the melt structure and 
the primary crystallization process. 

The results of calculations of the radii of micro-
groupings around carbon atoms in iron and the elect-
ronic characteristics of diluted Fe – C – O alloys are 
presented [2]. Concepts of the cluster structure of metal-
lic liquids, which are due to the segregation of atoms 
of a fluctuational nature without distinct interphase 
boundaries (clusters), associated with the disruption 
of MRO and a range of 5 – 20 Å, are consistently deve-
loped by G.V. Tyagunov. The cluster structure of metallic 
liquids can be described in physical terms if the quan-
tity, composition, and size of clusters, the number 
of atoms in the clusters, the lifetime of clusters, etc., are 
known. In this case, the clusters have significant sizes 
Rcl ≥ (10 – 25)ꞏ10–10 m [3]. 

The concept of colloidal, i.e., microheterogeneous, 
structure of liquid melts, characterized by the presence 
of dispersed particles enriched with one of the components 
suspended in a medium of a different composition with a 
clear interphase surface, corresponds to LRO and a range 
of more than 20 Å, and has been consistently developed by 
P.S. Popel concerning eutectic and monotectic melts [4]. 
The idea of the colloidal structure of eutectic melts was 
first proposed by Yu.A. Klyachko [5], and later deve-
loped by V.M. Zalkin, A.A. Wertman, and A.M. Samarin 
with colleagues [6 – 9]. They considered eutectic melts 
as classic colloidal systems with particle dispersity on 
the order of 1 – 10 nm. In this case, from the perspective 
of physical chemistry, the melt represents a microhetero-
geneous system. The terms “microstratified” and “colloi-
dal state” are also used in the same sense. V.M. Zalkin 
understood eutectic alloys in the liqu id state as a ther-
modynamically stable two-phase state (microemulsions) 

caused by the slow dissolution of one of the components, 
gradually transitioning into a state of true (homoge-
neous) solution, i.e., as lyophilic two-phase systems [7]. 
The transition from the microemulsion state in this case 
is reversible: when cooling a true solution, the original 
microheterogeneity is restored. The existence of a stable 
two-phase region caused objections from A.A. Wert-
man due to the violation of the phase rule at the eutectic 
point [6]. However, the unsoundness of this assertion was 
pointed out by Ya.I. Frenkel [10]. In the case where one 
of the phases is dispersed to colloidal scale, an additional 
degree of freedom arises – the pressure inside the dis-
persed particles or their radius [11].

The hypothesis of the colloidal microinhomoge neity 
(microheterogeneity) of Fe – C melts was formulated 
based on sedimentation experiments by A.A. Wertman 
and A.M. Samarin. The centrifugation experiments on 
liquid cast iron conducted by A.A. Wertman, A.M. Sama-
rin, and A.M. Yakobson showed that the radius of car-
bon atom groupings is close to 10 nm [12]. In the works 
of A.A. Wertman and A.M. Samarin, colloidal microinho-
mogeneity (microheterogeneity) of the melt is associated 
with the presence of a nonequilibrium dispersed phase 
that gradually dissolves into the dispersion medium [6]. 
This dynamic (fluctuational) microinhomogeneity has 
an inherited short-range order structure of solid eutec-
tic phases, with its lifetime comparable to the relaxation 
time in the arrangement of atoms. The study of the micro-
inhomogeneous (colloidal) state of liquid cast irons led 
A.A. Wertman and A.M. Samarin to conclude the nonequi-
librium nature of this state, which explained the branching 
of the temperature dependencies of their physical proper-
ties obtained in heating and subsequent cooling modes 
of the melt  [13]. V.M. Zalkin proposed limited solubility 
of carbon in liquid iron, not exceeding 6.5 – 8.5 at. % [7]. 
At higher carbon concentrations in the melt, spontane-
ously formed carbon-rich ordered groupings of different 
types of atoms, structurally similar to cementite, appear 
as distinct phases. The formation of dispersed cementite 
particles in liquid alloys occurs within this temperature 
range during the melting of alloys containing cementite 
and graphite in their initial structure, as well as during 
the dissolution of graphite in liquid iron. A rise in car-
bon content in the melt above 12.4 – 14.2 at. % results 
in the formation of submicron carbon atom clusters, 
arranged in a structure similar to graphite [14]. Subse-
quent development of the understanding of the micro-
heterogeneous state of Fe – C melts views it as a tem-
porary, nonequilibrium state, gradually transitioning into 
the equilibrium state of a true solution [15]. The con-
cepts of Fe – C melt microheterogeneity enable analy-
zing the causes for the divergence in the temperature 
dependencies of their kinematic viscosity and electrical 
resistivity based on the theory of transport phenomena 
in inhomogeneous media. Experiments have shown that 
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the size of microregions enriched with like atoms reaches 
tens of nanometers, significantly exceeding the scale 
of short-range ordering in melts, allowing the applica-
tion of known dependencies from the theory of transport 
phenomena in inhomogeneous media to the calculation 
of microheterogeneous melt properties [16]. The authors 
previously used this approach to determine the transition 
temperatures of Fe – Mn – C melts from the model of iso-
lated inclusions to the model of interpenetrating inclu-
sions [17], as well as the transition temperatures from 
a heterogeneous system to a homogeneous solution [18].

Based on the concept of the microheterogeneous 
structure of melts, the theory of suspension viscosity 
can be applied to analyze the temperature dependen-
cies of kinematic viscosity. The viscosity of a medium 
containing dispersed inclusions exceeds the viscosity 
of a pure liqu id due to the stresses that arise during par-
ticle movement. In this case, one speaks of the effective 
viscosity of the medium. For dilute dispersed systems, 
it can be assumed that the interfacial interaction force 
under slow flow conditions represents Stokes force mul-
tiplied by the number of particles in a given volume. This 
approach was used by Einstein [19; 20] to determine 
the viscosity of dilute dispersed systems containing solid 
particles, and by Taylor [19] for dispersions of droplets 
and bubbles. In another limiting case, when the particle 
concentration is so high that a close packing regime is 
realized, filtration theory methods are applied, based on 
Darcy’s law [21; 22].

Einstein’s theory was first applied to liquid me tals 
to analyze the phenomenon following melting [23]. 
The Einstein equation has been used multiple times in 
discussions of viscometric experiments with metallurgi-
cal melts. The author of [24] notes that the increase in vis-
cosity upon cooling can be attributed to the enlargement 
of viscous flow units and crystallization. The visco sity 
of a suspension is determined by the size of the dispersed 
phase particles and their quantity in the melt. In the case 
of liquid steels and cast irons, it has been found that 
the presence of inclusions in the melt significantly affects 
its viscosity [25] and resistivity [26].

Alloys with high carbon (up to 4 %) and chromium 
(up to 30 %) content are characterized by increased 
strength properties, while parts made from these alloys 
exhibit higher resistance to wear and oxidation, placing 
them in the class of wear-resistant cast irons. The high 
properties of these alloys are due to the presence of a large 
number of chromium carbides, which are extremely 
hard. The size, type, and morphology of these carbides 
determine the wear resistance and impact toughness. 
The required microstructural characteristics of wear-
resistant cast irons are achieved by altering the chemical 
composition, the crystallization rate, or through special 
heat treatment [27]. 

Studies on the influence of vanadium and chromium 
on the microstructures of white cast irons alloyed with 
Cr, V, Mn, and Ni have shown that vanadium and chro-
mium increase the overall carbide fraction and the amount 
of austenite in the matrix, with vanadium carbides (VC) 
serving as nucleation centers for carbide eutectics [28]. 
Research on the effect of alloy processing temperature 
led the authors of [29] to conclude that raising the tem-
perature to 850 °C promotes the formation of secondary 
carbides and martensite in the microstructure, providing 
high hardness values. The authors of [30] demonstrated 
the feasibility of using time-temperature treatment of steel 
and cast iron in a liquid state for the production of criti-
cal castings with high resistance to abrasive and impact-
abrasive wear. Specifically, for steel grade 4Kh5V2FSL, 
high-temperature melt treatment increased the strength 
properties by 36 %, while maintaining high wear resis-
tance. However, for cast iron IChKh28N2, the alloy with 
the highest abrasive and impact-abrasive wear resistance 
was obtained by holding at 1420 °C. Holding at 1520 °C 
resulted in a reduction of the microhardness of the matrix 
and eutectics, but increased the microhardness of indi-
vidual chromium carbides by 400 HV. 

A rational processing mode for obtaining IChKh28N2 
cast iron was proposed: heating the melt to 1470 °C, 
holding for 15 min, cooling to the pouring temperature, 
followed by the introduction of (Ca, Sr)CO3 and BFT-1 
ligature in amounts of 3 and 4 kg/ton, respectively. 
The application of the developed cast iron melt treatment 
method also positively influenced fluidity, a key casting 
property. The effect of boron on the crystallization con-
ditions of heat-resistant and wear-resistant cast irons in 
the Fe – C – Cr – Mn – Ni – Ti – Al – Nb system was stu-
died [31]. 

It was found that the hardness of the matrix of high-
chromium cast irons increased after heat treatment due 
to the combined effect of secondary carbide precipita-
tion Me23C6 during destabilization and the austenite-
martensite transformation during quenching. Kinetic 
calculations of the destabilization process showed that 
secondary carbides Мe7С3 precipitate first, reaching 
a maximum at 850 °C. Upon further heating to 980 °C 
and holding at this temperature, they are fully trans-
formed into Мe23С6 [32]. As the destabilization tem-
perature increases to 1000 °C, the number, volume, and 
size of secondary carbides (up to 2.22 μm) increase. 
At 1050 °C and a 3 h holding time, the size of secon-
dary carbides significantly decreases, with a high density 
of distribution in the matrix phase. At this stage, the sam-
ples exhibit better corrosion resistance [33]. The carbon 
content in the matrix, depending on the destabilization 
temperature and the subsequent dissolution of eutectic 
carbides, controls the martensite formation onset tem-
perature and has a dominant effect on bulk hardness [34]. 
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The work [35] presents data on the phase composi-
tion and structure formation of alloys and oxide layers, 
the distribution of elements across the structural compo-
nents of the alloy and the oxidation surface to the depth 
of the oxide and sub-oxide layers, as well as changes in wear 
resistance, oxidation resistance, stability, and mechanical 
properties of cast irons in the Cr – Mn – Ni – Ti – Al – Nb 
system, depending on the aluminum and niobium content 
and the heat retention capacity of the casting mold. 

Overheating liquid cast iron above 1500 °C reduces 
the size of primary carbides. Within the temperature 
range between the liquidus and solidus lines, recrystal-
lization of primary carbides (Cr, Fe)7C3 was observed, 
significantly reducing chromium content and increa-
sing iron content in them [36]. Structural and property 
changes in hypereutectic chromium cast irons after heat 
treatment were found, which, according to the authors 
of [36], are associated with the existence of composition-
ally stable clusters in the melt from the melting point 
to approximately 1500 °C. This is due to the high affi-
nity of chromium and carbon and the presence of refrac-
tory carbide Cr7C3 . It was found that heat treatment 
of the melt in the temperature range of 1260 – 1320 °C 
(between the liquidus and solidus lines) increases wear 
resistance, while increasing the treatment temperature 
leads to a decrease in the wear resistance of the ingots. 
Heat treatment of fine-grained castings from hypereu-
tectic chromium iron in the temperature range between 
the liquidus and solidus causes recrystallization of pri-
mary carbide crystals (Cr, Fe)7C3 , altering their composi-
tion, shape, and slightly increasing their size. In this case, 
the fraction of primary carbides increases, and the frac-
tion of eutectic carbides decreases as the temperature 
of heat treatment is reduced.

The microstructure of Fe – Cr – C ingots includes pri-
mary and secondary dendrites of the Fe – Cr solid solu-
tion, decorated with complex Me23C6 and Me7C3 [37]. 
The microstructure of the Fe – 34Cr – 4.5C alloy con-
sists of a chromium-rich austenitic matrix with Me7C3 , 
carbides, which persists at temperatures slightly above 
1150 °C and is metastable in nature [38]. Based on this, 
it is assumed that in the liquid state, the Fe – Cr – C melt, 
in the context of microheterogeneous structure, can be 
understood as Fe – Cr dispersed particles distributed in an 
Fe – C dispersion medium.

Thus, liquid cast iron can be considered a colloidal 
system consisting of a dispersion medium and inclu-
sions. In this case, the concepts of the theory of trans-
port phenomena in inhomogeneous media and the theory 
of suspension viscosity are applicable to such systems. 
The objective of this work is to analyze experimen-
tal data on kinematic viscosity and electrical resistivity 
to determine the volume fraction of dispersed particles in 
IChKh28N2 and ICh310Kh24M2F4TR cast iron melts. 
To determine the volume fraction of dispersed particles, 
it is proposed to use established concepts from the theory 
of viscous flow of suspensions and the theory of transport 
phenomena in inhomogeneous media.

 Research methods

 Experimental methods

The objects of the study were selected samples 
of industrial wear-resistant cast iron alloys IChKh28N2, 
alloyed with Cr and Ni, as well as ICh310Kh24M2F4TR, 
alloyed with Cr, Mo, V, and Ti, produced under labora-
tory conditions while adhering to the technology of cast-
ing wear-resistant cast irons. The chemical composition 
of the samples was determined using a spark source 
spectrometer (SPECTROMAXx, SPECTRO Analytical 
Instruments GmbH, Germany) and is presented in Table. 
Under laboratory conditions, the electrical resistivity and 
kinematic viscosity of these samples were studied.

The electrical resistivity ρ of the wear-resistant cast 
iron alloys in the liquid state was measured using Regel’s 
method, which involves the twist angle of a container 
with the test sample under the influence of a rotating 
magnetic field, with a sample height-to-diameter ratio 
of h/d ≈ 1. A.R. Regel demonstrated that the twist angle 
φ of the suspended system is proportional to the electrical 
conductivity of the metal if the radius of the cylindrical 
sample is comparable to its height [39 – 41]. Measure-
ments of the electrical resistivity were conducted using 
an original setup described in [42]. 

The kinematic viscosity ν of the wear-resistant cast 
irons in the liquid state was measured using the method 
of torsional oscillations of a crucible containing the melt 
in a single-ended configuration [43; 44]. The kinematic 
viscosity was determined by observing the damping 
of the torsional oscillations of the crucible with the melt, 

Chemical composition of the samples

Химический состав образцов

Sample
Contents of elements, wt. %

С Si Mn Cr Mo Ni V Fe Rest.
IChKh28N2 3.8 0.6 0.7 25.1 <0.01 2.0 <0.01 66.5 1.3

ICh310Kh24M2F4TR 2.8 0.6 0.3 23.5 0.4 <0.01 3.7 68.0 0.7
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recording the oscillation period and the logarithmic decre-
ment of the damping. The kinematic viscosity of the melt 
was then calculated. The height of the liquid alloy must 
be 2H ≥ 1.85R relative to the radius of the crucible, 
to ensure full damping of the viscous waves propagating 
from the bottom of the crucible to the free surface. 

Measurements of electrical resistivity and kinematic 
viscosity were performed over a temperature range from 
TL to 1650 °C. The working chamber was pre-evacuated 
to 0.001 Pa, after which helium was introduced to a pres-
sure of ~105 Pa. The samples were held in an inert atmo-
sphere for 10 – 15 min at the liquidus temperature TL , fol-
lowed by heating to 1650 °C in increments of 30 – 40 °C. 
The systematic error in the measurement of ρ and ν was 
3 %, while the random error, determining the scatter 
of points in a single experiment with a confidence prob-
ability of p = 0.95 did not exceed 1.5 %.

The liquidus temperature was determined based 
on viscometric studies by the sharp change in the loga-
rithmic decrement of the damping torsional oscillations 
of the crucible with the melt, according to the method 
described in [45].

 Calculation of the volume fraction
 

of microheterogeneous inclusions

To determine the volume fraction of inclusions in 
liqu id cast irons, an approach was used based on the theo ry 
of conductivity in inhomogeneous media and theoretical 
models of suspension viscosity. In this case, the liquid 
cast iron was considered a microheterogeneous system, in 
which dispersed particles are distributed in a dispersion 
medium. For the IChKh28N2 and ICh310Kh24M2F4TR 
alloys in the liquid state, the dispersion medium is 
assumed to be the Fe – 3 % С melt, while the dispersed 
particles consist of the Fe – 30 % Cr melt.

In analyzing the results of the viscometric experiment 
on liquid cast irons to estimate the volume fraction φ 
of the dispersed phase in the melts, Taylor’s equation [19] 
for dispersions of droplets and bubbles was applied:

          (1)

where ηφ is the effective viscosity of the dispersion; η1 
and η2 are the viscosities of the dispersed phase and 
the continuous phase, respectively.

Based on the experimental data on the temperature 
dependence of kinematic viscosity ν, the dynamic vis-
cosity η of the liquid cast iron was determined from 
the equation η = νd. The density d of the liquid cast iron 
was determined from an additive dependence on the con-
tent of each component in the melt Xl and its temperature-
dependent density dl .

In the liquid state, the melt was understood as a micro-
heterogeneous system consisting of Fe – 30 % Cr dis-
persed particles and an Fe – 3 % C dispersion medium. 
The dynamic viscosity of such a system can be estimated 
using Taylor’s equation (1)

         (2)

where ηef is the viscosity of the liquid cast iron; ηFe – C is 
the viscosity of the Fe – C melt, and ηFe – Cr is the viscosity 
of the Fe – Cr melt.

Experimental data on the viscosity of Fe – C melts with 
carbon content up to 5 % were obtained by the authors 
of [46] and modeled using molecular dyna mics in [47]. 
The viscosity of Fe – Cr melts up to 40 at. % and 
Fe85 – xCr15Cx (x = 10 – 17 at. %) was studied in [48; 49]. 
The known experimental data on the temperature depen-
dence of the viscosity of Fe – C, Fe – Cr melts, and liquid 
cast irons were approximated by an exponential expres-
sion of the form

           (3)

To determine the volume fraction of dispersed Fe – Cr 
particles in the liquid cast iron, the following equation 
was derived

      (4)

In analyzing the results of the resistometric experi-
ment on liquid cast irons, to estimate the volume frac-
tion φ of the dispersed phase in the melts, the Odelevsky 
equation [50] was applied, which relates the conductivity 
σ of a two-phase system to the conductivities of the sol-
vent σs and the dispersed particles σp :

           (5)

Experimental data on the resistivity of Fe – C 
melts with carbon content up to 4.2 % were obtained 
by the authors of [51]. The experimental data on the resis-
tivity of Fe – Cr melts over a wide range of compositions 
were studied in [52]. The known experimental data on 
the temperature dependence of the resistivity of the melts 
were approximated by linear dependencies.

To determine the volume fraction of Fe – Cr dispersed 
particles in the liquid cast iron, the following equation 
was derived
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        (6)

where  is the conductivity of the liquid cast iron; 

 is the conductivity of the Fe – C melt;  

is the conductivity of the Fe – Cr melt.
Equations (4) and (6), given the known properties 

of the binary systems Fe – C (ηFe – C , σs ), Fe – Cr (ηFe – Cr , σp )  
and the liquid cast iron (ηef  , σef ) were solved for 
the volu me fraction of inclusions (φ) using the fsolve 
function from the SciPy library within the temperature 
range of 1310 – 1650 °С.

The molar fraction of the dispersed particles was 
determined from the obtained data on the volume fraction 
of inclusions using the expression

 (7)

where mi , ni , φi , Mi , di are the molar fraction, the number 
of moles per unit volume, the volume fraction, the molar 
mass, and the density of the i th component, respectively.

 Results and discussion

The results of the experimental investigation of kine-
matic viscosity in the temperature range from TL 
to 1650 °C for IChKh28N2 and ICh310Kh24M2F4TR liq-
uid cast irons are presented in Fig. 1. The values of kine-
matic viscosity obtained in this study are consistent with 
the viscosity data of the Fe – 15 at. % Cr – 10 at. % С 
melt reported by the authors of [48]. On the right axis 
of the same graph (Fig. 1) the dynamic viscosity values 
are shown. Under the temperature dependence of kine-
matic viscosity, the experimental and calculated data on 
the volume (right axis of the graph) and molar (left axis 
of the graph) fractions of heterogeneous inclusions in 
the liquid cast irons are presented. Based on the visco-
metric study, the liquidus temperatures for the liquid cast 
irons were determined using the method described in [45]. 
The liquidus temperatures are indicated on the tempera-
ture dependencies of kinematic viscosity.

In analyzing the results of the viscometric experi-
ment on liquid cast irons to estimate the volume fraction 
φ of the dispersed phase in the melts, the approach pro-
posed by A. Einstein for describing the viscosity of dis-
persed systems was applied [19; 20]. A. Einstein considers 
the case of constrained flow around a system of spheri-
cal particles by a liquid flow and introduces the concept 
of the effective viscosity of the medium. The velocity 
of particle movement in a constrained flow depends not 

Fig. 1. Temperature dependences of kinematic viscosity (ν), dynamic viscosity (η), volumetric (φ)  
and molar fraction (m) of heterogeneous inclusions in liquid cast irons IChKh28N2 (а) and ICh310Kh24M2F4TR (b):

 – this work;  – Fe – 15 % Cr – 4 % C [49];  – Fe – 30 % Cr [48];  – Fe – 3 % C [46; 47];
1 – approximation; 2 – calculation by equation (4) 

Рис. 1. Температурные зависимости кинематической вязкости (ν), динамической вязкости (η), объемной (φ)  
и мольной доли (m) гетерогенных включений в жидких чугунах ИЧХ28Н2 (а) и ИЧ310Х24М2Ф4ТР (b): 

 – данная работа;  – Fe – 15 % Cr – 4 % C [49];  – Fe – 30 % Cr [48];  – Fe – 3 % C [46; 47]; 
1 – аппроксимация; 2 – расчет по уравнению (4)
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only on their size, shape, and the physicochemical pro-
perties of the medium but also on the volume concent ration 
φ. The dependence on the volume concentration is caused 
by hydrodynamic interactions between the particles. 
The velocity of a particle in a constrained flow is gene-
rally lower than that of an isolated particle. The viscos-
ity of a medium containing dispersed inclusions exceeds 
the viscosity of a pure liquid due to the stresses that arise 
during particle movement. In this case, the term “effec-
tive viscosity of the medium” is used. A strict description 
of the laws governing constrained particle motion in a vis-
cous flow does not yet exist. For the case of dilute dis-
persed systems, this approach was used by Einstein [19] 
to determine the effective viscosity of a medium con-
taining solid particles, and by Taylor [19] for determin-
ing the dispersion of droplets and bubbles. The melt, as 
a microhe terogeneous system, was understood as dis-
persed particles enriched with Cr (Fe – 30 % Cr), dis-
tributed in a dispersion medium of Fe – 3 % C. Based on 
the known values of the viscosities of Fe – Cr and Fe – C 
melts [46 – 48] and the experimental data on the visco-
sity of the dispersed system, the values of the volume 
fraction of the dispersed particles (Fe – 30 % Cr) in 
liqu id cast irons were obtained by solving equation (4). 
The calculated values of the volu me fraction of inclusions 
(Fig. 1) were derived from the temperature dependencies 
of the kinematic viscosity of Fe – 3 % C, Fe – 30 % Cr 
and liquid cast irons, approximated by equation (3). 
The values of the volume fraction of dispersed particles, 
marked with the symbol  in Fig. 1, were obtained from 
the experimental data on the kinematic viscosity of liquid 
cast irons and the approximated values of the kinematic 
viscosity of the dispersed particles (Fe – 30 % Cr) and 
the dispersion medium (Fe – 3 % C) from equation (3). 
The molar fraction of the dispersed particles was deter-
mined from the obtained data on the volume fraction 
using equation (7).

The dependence of the kinematic viscosity on tem-
perature for the liquid cast iron IChKh28N2 in the range 
from TL to 1504 °C follows an exponential law and is 
consistent with the Arrhenius equation. In the same tem-
perature range, the volume and molar fractions decrease 
from 0.28 (0.30) to 0.08 (0.08). However, at temperatures 
above 1504 °C, an anomalous increase in kinematic vis-
cosity with rising temperature (marked by the symbol  
in Fig. 1, а) was observed, which was also accompanied 
by an abnormal increase in the volume fraction of dis-
persed particles in the liquid cast iron, deviating from 
the calculated curve. This behavior may be related 
to structural changes in the melt. As the dispersed particles 
dissolve, the melt transitions into a more homogeneous 
solution, changing the chemical composition of the dis-
persed phase, which leads to the anomalous increase in 
viscosity. In this case, equation (4) is not applicable for 
describing the viscous flow of a homogeneous system.

The kinematic viscosity for the liquid cast iron 
ICh310Kh24M2F4TR decreases monotonically with 
increasing temperature, and the volume (molar) fraction 
of heterogeneous inclusions in the liquid cast iron also 
decreases monotonically, from 0.10 (0.10) at the liquidus 
temperature to 0.01 (0.01). This indicates the dissolution 
of heterogeneous inclusions in the melt as the tempera-
ture rises.

Based on the data from the viscometric experiment, 
an estimate of the size of the structural unit respon-
sible for viscous flow in the melts of IChKh28N2 and 
ICh310Kh24M2F4TR cast irons was made. The method 
proposed in [53] was used to determine the size 
of the structural unit of viscous flow. The temperature 
dependence of the kinematic viscosity is expressed as

       (8)

where  s is the size of the dispersed par- 
 

ticles.
It was found that for the IChKh28N2 melt, s = 1.3 nm, 

and for the ICh310Kh24M2F4TR melt, s = 1.4 nm, which 
is of the same order of magnitude as the data obtained for 
the liquid steel 110G13L in [54].

The results of the resistometric study of the liquid 
cast irons IChKh28N2 and ICh310Kh24M2F4TR are 
presented in Fig. 2. The values of electrical resistivity 
are shown on the left axis of the graph, while the valu es 
of electrical conductivity of the liquid cast irons are shown 
on the right axis. Below the experimental data on resisti-
vity (conductivity), the obtained values of the volu me 
(left axis) and molar (right axis) fractions of dispersed 
particles in the liquid cast irons are presented.

The analysis of the resistivity measurements was 
based on the theory of conductivity in inhomogeneous 
media. The liquid cast iron was considered as dis-
persed particles enriched with Cr (Fe – 30 % Cr), dis-
tributed in a dispersion medium of Fe – 3 % C. Using 
the framework of conductivity in inhomogeneous media, 
the volu me fraction of dispersed particles in the liqu id 
cast irons was determined by solving equation (6), based 
on the known data on the conductivity (1/ρ) of dispersed 
particles (Fe – 30 % Cr) [52], the dispersion medium 
(Fe – 3 % C) [51]], and the experimental data on the con-
ductivity of the liquid cast iron. The calculated valu es 
of the volume fraction (Fig. 2) were obtained from 
the linear approximation of the known experimental 
data on the temperature dependencies of the conducti-
vity of Fe – 3 % C, Fe – 30 % Cr, and the liquid cast 
irons. The volume fractions of dispersed particles in 
Fig. 2, were derived from the experimental data on 
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the conductivity of the liquid cast irons and the linear 
approximation of the conductivity values of the dis-
persed particles (Fe – 30 % Cr) [52] and the dispersion 
medium (Fe – 3 % C) [51]. Near the melting tempera-
ture, the volu me (molar) fraction of dispersed parti-
cles is 0.18 (0.19) for IChKh28N2 and 0.21 (0.22) for 
ICh310Kh24M2F4TR. As the temperature increases, 
the volume (molar) fraction of dispersed particles 
decreases slightly.

In [55], the following expression was proposed for 
microinhomogeneous metallic melts:

      (9)

where ρL and ρ are the specific resistivity of liquid iron 
at the liquidus temperature and the analysis temperature, 
respectively; lir is the mean free path of electrons in liquid 
iron; Dcl is the cluster diameter; r is the electron scatter-
ing coefficient. 

The mean free path of electrons in liquid iron decreases 
from 4.63 to 4.28 Å when the melt is heated from 1400 
to 1600 °C. Since the scattering coefficient varies within 
the range 0 < r < 1, equation (4) implies that as the cluster 
size decreases, the resistivity of the melt should increase. 
Calculations showed that at t = 1600 °С, r = 0.97, and 
at t = 1800 °С r = 0.86, meaning that as the temperature 
rises, r decreases, and ρ increases. The cluster size deter-
mined by equation (8) (Fig. 2) for IChKh28N2 is 3.4 nm 
at 1400 °C and decreases to 1.7 nm at temperatures above 
1600 °C. For ICh310Kh24M2F4TR, the cluster size is 

1.7 nm at 1400 °C and decreases to 1.2 nm at temperatures 
above 1600 °C. Therefore, the experimentally observed 
increase in the resistivity of liquid iron with increasing 
temperature is likely not related to changes in the melt 
structure at the atomic level, but rather to a decrease in 
the number of conduction electrons. This is explained 
by the increased number of electrons participating in 
the strengthening of interatomic bonds and ensuring 
the stability of the clusters as they become smaller with 
increasing temperature.

In conclusion, based on the results of viscometric 
and resistometric studies, it was established that liquid 
cast irons represent a dispersed system, containing, near 
the melting temperature, a volume fraction of dispersed 
particles of 0.28 and 0.10, according to viscometry, for 
liquid cast irons IChKh28N2 and ICh310Kh24M2F4TR, 
respectively, corresponding to particle sizes ranging 
from 100 to 10 nm. According to resistometry data, 
the volume fraction of dispersed particles is about 0.20 
for the liquid cast irons and does not significantly change 
with increasing temperature. A volume fraction of 0.20 
corresponds to dispersed particles with a size of about 
10 nm. According to estimates made by the authors 
of [56] within the framework of the quasi-chemical model 
of microinhomogeneous structure for complex-alloyed 
melts [1], the molar fraction of clusters in the liquid cast 
irons IChKh28N2 and ICh310Kh24M2F4TR is 0.43 
at the liquidus temperature, which is significantly higher 
than the values obtained in this study. Based on this, 
liqu id cast iron can be considered a microheterogeneous 
system. Increasing the temperature leads to a reduction in 

Fig. 2. Temperature dependences of electrical resistivity (ρ), conductivity (σ), volume (φ) 
and molar fraction (m) of heterogeneous inclusions, as well as the cluster size determined by equation (8) 

in liquid cast irons IChKh28N2 (а) and ICh310Kh24M2F4TR (b):
 – this work;  – Fe – 3 % C; 1 – approximation; 2– calculation by equation (6); 3 – calculation by equation (8) 

Рис. 2. Температурные зависимости удельного электросопротивления (ρ), удельной проводимости (σ), 
объемной (φ) и мольной (m) доли гетерогенных включений, а также размер кластера, 

определенный по уравнению (8) в жидких чугунах ИЧХ28Н2 (а) и ИЧ310Х24М2Ф4ТР (b):
 – данная работа;  – Fe – 3 % C [51]; 1 – аппроксимация; 2 – расчет по уравнению (6); 3 – расчет по уравнению (8)
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the volume fraction of dispersed particles, consistent with 
the concept of the breakdown of the microheterogeneous 
state as the liquid melt is overheated beyond a certain 
temperature.

 Conclusions

The study presents experimental data on the tempera-
ture dependencies of kinematic viscosity and electrical 
resistivity of liquid cast irons in the range from the liq-
uidus temperature TL to 1650 °C. Liquid cast iron in 
the molten state was understood as a microheterogeneous 
system, characterized by the presence of dispersed par-
ticles enriched with one of the components.

Based on the data on the kinematic viscosity of liquid 
cast irons, the volume fraction of heterogeneous inclu-
sions was determined using the concept of viscous flow 
in dilute dispersed systems. It was found that the volu me 
fraction of dispersed particles in liquid cast irons near 
the melting point is 0.28 for IChKh28N2 and 0.1 for 
ICh310Kh24M2F4TR. A volume fraction of 0.28 corre-
sponds to dispersed particle sizes of ~100 nm, while 0.1 
corresponds to particle sizes of ~10 nm. The obtained 
particle sizes align with the concept of the microhetero-
geneous structure of liquid cast irons. As the tempera-
ture increases, the volume fraction of dispersed particles 
decreases monotonously to values of 0.08 – 0.01.

The volume fraction of dispersed particles was also 
determined based on the data on the electrical resis-
tivity of liquid cast irons, which amounted to 0.18 
for IChKh28N2 and 0.21 for ICh310Kh24M2F4TR. 
The obtained volume fractions correspond to dispersed 
particle sizes of ~10 nm. With increasing temperature, 
the volume fraction of dispersed particles decreases only 
slightly.

It is known that heat treatment of the melt, aimed 
at breaking down the microheterogeneous structure, 
leads to a modification of the crystallized ingot’s struc-
ture by altering the crystallization conditions. However, 
the authors of [30; 36] found that overheating of chromium 
cast iron melts reduces the wear resistance of the ingots. 
The authors of [36] discovered that overheating the melt 
above 1500 °C leads to the destruction of compositio-
nally stable clusters in the melt, which results in changes 
in the structure and properties of hypereutectic chromium 
cast irons after heat treatment. To improve the perfor-
mance properties, the authors of [30] propose the intro-
duction of additional modifiers before casting the iron 
after time-temperature melt treatment, while the authors 
of [36] found that wear resistance can be enhanced 
by heat treatment between the liquidus and solidus tem-
peratures. Thus, the study of chromium cast iron melts in 
the liquid state from the perspective of their microinho-
mogeneous structure will help to advance the understand-
ing of processes occurring in the liquid state and develop 

an optimal melt heat treatment mode to improve the per-
formance characteristics.
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Аннотация. Высокие требования, предъявляемые к качеству поверхности и сложности геометрии металлоизделий, конструкций и узлов 

деталей, получаемых из широкой линейки цветных и черных сплавов, определяют востребованность литья по выплавляемым моделям 
(ЛВМ) как метода, обеспечивающего номенклатуру изделий ответственного назначения для нужд авиа-, судо-, и машиностроения. К ряду 
«узких» мест в реализации процессов ЛВМ можно отнести значительное число технологических операций, каждая из которых сопро-
вождается явлениями теплофизической природы, требующих коррекции, что в конченом итоге определяет высокую стоимость литья. 
Сложность представляют такие явления, как усадка модельного материала, его температурное расширение на стадиях выплавления из 
керамической формы, определяющее проникновение модельной массы в поры керамики и способное повлиять на появление поверх-
ностных дефектов, химический состав и структуру сплава будущей отливки. На устранение отмеченных недостатков направлен процесс 

  joyful289@inbox.ru
Abstract. The high demands placed on the surface quality and geometric complexity of metal products, structures and parts produced from a wide range 

of non-ferrous and ferrous alloys determine the demand for investment casting as a method that provides a range of critical products for the needs 
of aircraft, ship building and mechanical engineering industries. A number of “bottlenecks” in the implementation of investment casting processes 
include a significant number of technological operations, each of them is accompanied by phenomena of a thermophysical nature that require 
correction, and it ultimately determines the high cost of casting. The difficulties arise from phenomena such as shrinkage of the pattern material, its 
thermal expansion during melting from a ceramic mold, which determines penetration of pattern mass into ceramic pores and can affect the appea-
rance of surface defects, the chemical composition and structure of the alloy of future casting. The process of forming a porous surface on wax 
patterns without shrinkage defects by pressing powders of waxy materials is aimed at eliminating the noted shortcomings, which ensures the required 
geometry of the compacts and absence of deformation effects on ceramics of the model material at the stage of its melting. Widespread use 
of the method is hampered by the lack of information about the features of stress control in the compact body determining the magnitude of elastic 
response of the compacted material, which is an order of magnitude less than thermal shrinkage. The paper presents the results of an experimental 
study of influence of the compression rate of powder materials on the stress-strain state of pressed wax patterns formed in a closed matrix, as well 
as on the strength of these compacts. 
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 Introduction

A key feature of modern industrial enterprises specia-
lizing in the production of products for the automotive, 
aircraft, and shipbuilding industries is the high demand 
for metals and the increased production of high-quality 
cast products with the required set of characteristics, 
driven by the use of energy- and material-efficient tech-
nologies [1 – 4]. 

In these sectors, it is crucial to reduce costs at all 
stages of the technological cycle, especially in the forma-
tion of castings for high-precision and complex-shaped 
parts made from a wide range of alloys [5].

One of the most in-demand methods for obtaining pre-
cision cast blanks from a variety of structural steels and 
alloys is investment casting (IC), which allows the cre-
ation of complex-shaped products by combining separate 
parts into all-cast assemblies [6; 7]. The versatility of this 
method makes it suitable for producing both thin-walled 
castings of relatively small mass and cast products with 
linear dimensions of up to 500 mm [8 – 10].

The surface of such castings can achieve a roughness 
of up to Ra = 1.25 µm, meet quality grades 11 – 16, and 
achieve mold cavity dimensional tolerances of no more 
than grades 8 – 9 according to GOST 25347–82 “Basic 
norms of interchangeability. Unified system of tolerances 
and fits. Tolerance fields and recommended fits”.

Like any technological sequence, IC has its draw-
backs, largely due to the large number of operations 
involved, which are characterized by a certain degree 
of irreparable defects. These factors ultimately increase 
the cost of the final product and complicate the calcula-
tion and modeling of the IC process outcomes [11].

The most widely used sequence in IC processes 
includes the following operations [12]: 

– manufacturing of wax models and elements of the 
gating and feeding systems by injection of the model com-
position (melt or paste) into the corresponding mold, fol-
lowed by the assembly of all elements into model clusters;

– layer-by-layer application of ceramic coating 
to the model cluster and drying of the ceramic shell;

– melting of the pattern material from the ceramic 
shell, followed by its firing and pouring of molten metal.

A significant problem is the negative impact of ther-
mophysical phenomena, which result in changes in mate-
rial volume due to thermal expansion or shrinkage. These 
phenomena accompany many of the technological opera-
tions mentioned above. Combatting shrinkage defects, 
characteristic of IC processes, which manifest both in 
the alloy of the casting body [13; 14] and during the pro-
duction of wax models [15; 16], presents several techno-
logical challenges. The solution primarily involves ensur-
ing a narrow pouring temperature range and controlling 
the solidification conditions of both the molten metal and 
the model mass. 

For instance, during the cooling phase of the wax mass 
in the formation of the wax pattern, volumetric shrinkage 
can reach 14 %, manifesting on the surface in the form 
of sink marks, wrinkles, and waviness, requiring addi-
tional resources to correct these defects [17]. Preventing 
such defects is only partially achieved by optimizing pro-
cesses at the design stage, strictly controlling the injection 
temperature of the pattern materials, and improving their 
compositions, which helps reduce the thermal expansion 
coefficient [18 – 21]. Geometrical distortion in castings 
can also occur due to the poor wettability of the wax 
model surface by the materials forming the ceramic 
shell [22]. The thermal expansion of the pattern material 
during its melting from the shell is also a cause of shell 
integrity violations [23]. The issue of low crack resistance 
in ceramics is sometimes addressed by reinforcing them 
with various materials and inserts [24]. After achieving 
the required ceramic thickness, shell molds are often 
subjected to a de-waxing process, typically performed 
by autoclaving. This operation also carries certain risks 
of damage to the inner layers due to the thermal expan-
sion of the pattern material, which penetrates the pores 
of the ceramic during melting [25]. Residual wax mate-
rial in the ceramic layers can affect the structure and sur-
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face properties of the casting. These issues necessitate 
increased allowances for mechanical processing, leading 
to higher metal consumption.

The researchers from the Laboratory of Problems 
of Creation and Processing of Materials and Products at 
the Khabarovsk Federal Research Center of the Far Eas-
tern Branch of the Russian Academy of Sciences have 
proposed a comprehensive solution to the aforemen-
tioned problems related to the thermal expansion of pat-
tern materials. The solution involves forming wax patterns 
either entirely or their surface (in the case of producing 
wax patterns for bimetallic castings, where the surface is 
formed by pressing pattern material powder onto a steel 
frame) through cold pressing of fractions of waxy pat-
tern materials. This approach allows for the creation 
of a pressed structure with porosity of up to 12 %, with 
the outer surface configuration corresponding to the shap-
ing cavity of the mold [26; 27].

This method of forming wax patterns ensures that 
the pattern material penetrates complex shaping cavities 
of the press matrix and achieves the required density in 
sections of the compact [28; 29]. Pressed wax patterns 
are distinguished by the absence of such casting defects 
as shrinkage, waviness, or geometric distortion. During 
the stage of model removal from the ceramic mold, these 
models do not deform the shell, and the pattern material 
does not penetrate its structure, thereby ensuring its crack 
resistance. The absence of pattern material in the pores 
of the ceramic ensures predictable structure and surface 
properties of the final casting.

A drawback of the presented process is the potential for 
dimensional changes in the compact due to the unloading 
of the pattern material and the release of air trapped dur-
ing compaction. The magnitude of the elastic response 
of the compacted material after the load is removed 
can reach 0.7 – 1.2 % in the pressing axis direction and 
0.4 – 0.5 % in the transverse direction, which, although 
significantly lower than the values of volumetric shrink-
age, still requires a special approach to eliminate this 
phenomenon [30]. The mechanical strength of porous 
pressed wax patterns is lower than that of traditional 
models but is compensated by higher thermal stability.

The magnitude of the elastic unloading of the com-
pacted material largely depends on its rheological char-
acteristics: elasticity, plasticity, strength, viscosity, etc. 
During the compaction of a plastic powder body with-
out external heat sources, the temperature in local sec-
tions of the compact material increases. Thus, reducing 
the valu es of elastic unloading depends on both the com-
paction speed and the stress relaxation time [31; 32]. 
In view of the aforementioned, the production of pressed 
wax patterns or their elements with predictable dimen-
sions and minimal geometric distortions relative 

to the press mold cavity appears to be a relevant task in 
the pressing of waxy pattern material powders.

In previous works [33; 34], various solutions were 
proposed for addressing the issues related to the pres-
sing modes that ensure stress relaxation in the compacts, 
and consequently, a reduction in the elastic after-effect 
of the compacted material. However, the comprehensive 
study of the influence of compaction speed modes of waxy 
powder materials in a closed press mold on the stress-strain 
state of the compacts, as well as the final strength and nature 
of their failure, is presented here for the first time. 

Thus, the purpose of the present work is to deter-
mine the influence of the movement speed of the press 
punch during the deformation of powder bodies com-
posed of waxy pattern materials on the stress-strain state 
of the compacts formed in a closed matrix. 

To achieve this goal, the following tasks were 
addressed in the study:

– experimental determination of the stress dependen-
cies accompanying the stages of compaction and unload-
ing of compacts with porosity ranging from 0 to 10 %, as 
a function of time, at various press punch movement rates 
and fractions of waxy powder materials;

– experimental determination of the ultimate com-
pression strength as a function of the porosity of sam-
ples formed from fractions of waxy powder materials 
at various press punch movement rates, and evaluation 
of the influence of pressing conditions on the nature 
of compact failure.

 Methods for conducting the study

In the experimental part of the study, which involved 
forming the compacts and recording stresses during their 
compaction and failure, the reliability of the measured 
stress values was ensured by using the Shimadzu AG-X 
Plus testing machine. The specified characteristics of this 
machine, as regulated by the manufacturer, include a per-
missible deviation of 0.03 % at a load of 100 kN and 
a deformation of 10 mm. Fig. 1 shows the working area 
of the testing machine, located between the stationary 
lower support 1, which holds the press matrix 2 (fitted 
with a punch), and the moving rod 3. The press matrix 
is made of steel grade 45 in the form of a hollow blind-
bottom cylinder with an inner diameter of d = 44 mm 
and a wall thickness of 4 mm, which, within the scope 
of this experiment, allows it to be considered non-defor-
mable. The mold cavity was filled with a calculated dose 
of waxy powder material required for each experiment. 
For the experimental tasks, waxy powders commonly 
used in investment casting processes, corresponding 
to the first classification group of model compositions, 
were employed [6]:
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– refined paraffin of grade T1, with a melting point 
of 60 °C and a density of ρТ1 = 0.86 g/cm3 in the cast 
state;

– PS50/50 (a paraffin-stearin alloy in a 1:1 ratio), 
with a melting point of 52 °C and a density of ρPS50/50 = 
= 0.935 g/cm3 in the cast state. 

The melting point and density of the materials in 
their cast state are essential for ensuring the accuracy 
of the experimental data. These values slightly differ from 
the characteristics specified by relevant GOST standards 
(for example, “Petroleum solid paraffins. Specifications. 
GOST 23683–89”) and were determined experimentally. 
The melting points of T1 and PS50/50 were prelimina-
rily determined using the Shimadzu DTG-60H differen-
tial thermal analyzer during the heating of these materials 
at a rate of 2 °C/min [17]. Since the materials used in 
the study are low-melting, the experiments were con-
ducted at ambient temperatures of 20 ± 2 °С. The pow-
der fractions of the waxy materials mentioned above 
were obtained by sieving through model 026 sieves in 
the technologically preferred standard size range of 0.63 
to 2.5 mm [33]. Using smaller fractions is impractical due 
to the high tendency of the material to cake, and using 
fractions larger than 2.5 mm may, in some cases, lead 
to the formation of “arches” in the inner sections of com-
plex-shaped molds, causing uneven material distribution 
and, as a result, compacts with zones of local over-com-
paction. The bulk density values (ρbulk) depend on the type 

and fraction of the materials and are as follows: for T1 
with a fraction of 2.5 mm, ρbulk = 0.360 g/cm3; for T1 with 
a fraction of 0.63 mm, ρbulk = 0.320 g/cm3; for PS50/50 
with a fraction of 2.5 mm, ρbulk = 0.340 g/cm3; and for 
PS50/50 with a fraction of 0.63 mm, ρbulk = 0.310 g/cm3. 

To reduce the effect of friction between the mate-
rial and the inner surface of the press mold on the stress 
values that occur during compaction, the mold ca vity 
was treated with kerosene. The uniform distribution 
of the material within the volume of the powder body 
placed in the press mold was achieved by pre-vibrating it 
for 5 min at a frequency of 3.5 Hz. After the vibration pro-
cess, the experimental materials were compacted at press 
punch movement speeds of 0.5 mm/s and 1.5 mm/s, 
which were controlled by the movement of the crosshead 
of the universal testing machine AG-X Plus Shimadzu. 
As a result of the uniaxial movement of the punch, a com-
pact was formed in the lower part of the press mold, with 
final dimensions satisfying the condition: d = h = 0.44 m 
(where h is the final height of the compact). 

The dose of waxy powder material was determined by 
the final porosity of the compacts, which in the experi-
ment varied in increments of 2 % within the range 
0 % ≤ P ≤ 10 %, depending on the mechanical charac-
teristics of the compacts. For example, in preliminary 
experiments, it was found that compacts with porosity 
P > 10 % exhibited reduced strength.

The porosity of the compact was calculated using 
the formula 

       (1)

where ρp is the density of the compact, kg/m3, and ρc is 
the density of the cast material, kg/m3.

It is evident that compacts with a porosity of P = 0 % 
will have a density equal to the density of the material in 
its freely cast state, which for materials of grades T1 and 
PS50/50 ρcТ1 = 0.86 g/cm3 and ρcPS50/50 = 0.935 g/cm3. 

The mass М of the waxy powder material required 
to form a compact with the desired porosity was deter-
mined based on the condition 

               (2)

The Table presents the values of the mass and bulk 
density of the powdered materials of grades T1 and 
PS50/50 used in the experiment to form compacts with 
final porosity in the range of 0 % ≤ P ≤ 10 %.

From the data presented in the Table, it is evident that 
the values of the final porosity of the compacts, in this case 
confined within the volume of a cylindrical cavity with 
a diameter and height of 44 mm, determine the mass and bulk 

Fig. 1. Press matrix and working area of the testing machine

Рис. 1. Пресс-матрица и рабочая зона тестовой машины
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density values of the powdered materials used in the experi-
ment. These factors, combined with the material fractions, 
account for the varying heights of the powder filling in 
the shaping cavity of the press matrix and, consequently, 
the differences in the deformation values of the compacted 
powder bodies. Thus, it is clear that at equal press punch 
movement rates, the time required to obtain compacts with 
different final porosity values will vary.

Fig. 2 presents the experimental dependencies 
of the deformation of powder bodies composed of T1 and 
PS50/50 materials with fractions of 0.63 and 2.5 mm, as 
a function of the compaction time to achieve porosity val-
ues of 0 % ≤ P ≤ 10 %, with press punch movement rates 
of 1.5 mm/s (a) and 0.5 mm/s (b). These dependencies 
are shown in different colors. The equations correspond-
ing to each curve are displayed in the same color scheme 
on the graph. For each curve shown in Fig. 2, the porosity 
values decrease from 10 to 0 % as the compaction time 
increases (i.e., from left to right).

It can be seen from Fig. 2 that the deformation magni-
tude of the compacted powder bodies for compacts with 
all porosity values does not exceed 60 %. Additionally, 
larger fractions of homogeneous materials exhibit higher 
bulk density values and, consequently, slightly lower 
final deformation values. 

Once the height h was reached, the crosshead 
of the testing machine was fixed, and the stresses were 
recorded. One of the factors affecting the geometry 
of the resulting porous wax patterns is the magnitude 
of residual stresses in the compact material. Therefore, 
after the compaction process was completed, the samples 
were held under load with the press mold elements closed 
for 15 min. Preliminary experiments established that this 
amount of time is sufficient for stress relaxation to 90 % 
or more [33]. 

Next, to determine the maximum stresses correspond-
ing to the failure of the samples and the nature of their 

Values of masses and bulk density of waxy materials powders 

Значения масс и насыпной плотности порошков воскообразных материалов

Porosity, %
Filling mass, g / Bulk density, g/cm3

Т1 ПС 50/50
0 57.51/0.8600 62.52/0.9350
2 56.36/0.8428 61.27/0.9163
4 55.21/0.8256 60.02/0.8976
6 54.06/0.8084 58.77/0.8789
8 52.91/0.7912 57.52/0.8602
10 51.76/0.7740 56.27/0.8415

Fig. 2. Dependence of powder body deformation on time of its compaction when moving the press punch 
at a rate of 1.5 mm/s (a) and 0.5 mm/s (b): 

1 – Т1, fraction 0.63 mm; 2 – PS50/50, fraction 0.63 mm; 3 – Т1, fraction 2.5 mm; 4 – PS50/50, fraction 2.5 mm

Рис. 2. Зависимости деформации порошкового тела от времени его уплотнения при перемещении пресс-пуансона 
со скоростью 1,5 мм/с (а) и 0,5 мм/с (b): 

1 – Т1, фракция 0,63 мм; 2 – ПС50/50, фракция 0,63 мм; 3 – Т1, фракция 2,5 мм; 4 – ПС50/50, фракция 2,5 мм



Известия вузов. Черная металлургия. 2024;67(5):593–603.
Богданова Н.А., Жилин С.Г. Влияние режимов уплотнения воскообразных порошков на напряженно-деформированное ...

598

failure, the resulting compacts were subjected to a com-
pression test, as shown in Fig. 3. 

The stresses arising during the determination 
of the compressive strength of the experimental cylin-
drical compacted samples were also recorded using 
the AG-X Plus Shimadzu testing machine. Since waxy 
powder materials are not structural materials and there 
are no standards for this type of testing, the movement 
speed of the testing machine’s crosshead was selected at 
22 mm/min, in accordance with GOST 4651–2014 “Plas-
tics. Compression testing method”. 

Based on the data obtained from the series of experi-
ments, the dependencies of the stresses accompanying 
the stages of material compaction and unloading on time, 
as well as the stresses arising during compression tests as 
a function of the porosity of the samples formed at vari-
ous deformation rates, were plotted.

 Results and discussion

The waxy model compositions used in the present 
experiment have a relatively high yield point [34], which 
naturally influences the nature of the compaction process 
of the powder body and the formation of the final pro-
perties of the compact. During the forming of materials 
with significant plasticity, the stages of the pressing pro-
cess occur simultaneously, and the sections of the curves 
characterizing the compaction stages overlap with each 
other. Thus, in the case under consideration, the stages 
of the forming process in a closed press matrix (typi-
cal of the sequential stages of ideal compaction), such 
as structural deformation of the powder body, pressure 
increase without an increase in compact density, and sub-
sequent plastic deformation distributed throughout its 
volume, have no clear boundaries.

As a result of the experiment, the stress depen-
dencies accompanying the compaction and unloa-
ding stages of the compacts, with final porosity values 
of P = 0 – 10 %, were determined as a function of time, 
using various press punch movement speeds for fractions 
of waxy powder materials.

Fig. 4 shows the stress dependencies accompany-
ing the compaction stages up to a porosity value of 0 % 
and the unloading stages as a function of time for com-
pacts made from T1 and PS50/50 materials with fractions 
of 0.63 mm (a) and 2.5 mm (b). Fig. 5 shows similar 
stress dependencies for the processes of forming com-
pacts with a porosity of P = 10 %.

The sections of the dependencies shown in Figs. 4 
and 5 that lie in the region of negative time values charac-
terize the compaction processes of waxy powder bo dies. 

Fig. 3. Placing an experimental cylindrical sample in the testing 
machine during a compression test

Рис. 3. Размещение экспериментального цилиндрического образца 
в тестовой машине при испытании на сжатие

Fig. 4. Dependences of the stresses accompanying the stages 
of compaction to a porosity of 0 % and outloading of compacts from 

materials of grades T1 and PS50/50 with a fraction  
of 0.63 mm (a) and 2.5 mm (b) on time: 

1 – Т1, rate 1.5 mm/s; 2 – PS50/50, rate 1.5 mm/s; 
3 – Т1, rate 0.5 mm/s; 4 – PS50/50, rate 0.5 mm/s

Рис. 4. Зависимости напряжений, сопровождающих стадии уплот-
нения до значения пористости 0 % и разгрузки 

от времени прессовок из материалов марок Т1 и ПС50/50 
фракций 0,63 мм (а) и 2,5 мм (b): 

1 – Т1, скорость 1,5 мм/с; 2 – ПС50/50, скорость 1,5 мм/с; 
3 – Т1, скорость 0,5 мм/с; 4 – ПС50/50, скорость 0,5 мм/с
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The peak stress values arising during the compaction 
of powder bodies are indicated by numbers on the graph.

It can be seen from Fig. 4 that an increase in the press 
punch movement rate leads to an increase in the stress 
values required for forming the compacts. Moreover, 
the compaction of the T1 powder material is characterized 
by slightly higher stress values compared to the compac-
tion of the paraffin-stearin material PS50/50, which exhi-
bits greater plasticity. The material fraction of the pattern 
material (at the press punch movement rates used in this 
experiment) significantly influences the stress values aris-
ing during the compaction of the powder body, primarily 
under conditions of pressing bodies with low porosity. 
Thus, the largest stress values arising during the compac-
tion of the powder bodies examined in this experiment are 
determined by conditions where the powder body con-

sists of the largest fraction, compaction occurs at higher 
press punch movement rates, and the required final poro-
sity value is minimal.

It is evident that at higher press punch movement rates, 
the deformation time is reduced. However, the reduc-
tion in residual stress values does not directly depend on 
the press punch movement rate during the compaction 
of the experimental powder bodies. 

A combined analysis of the data presented in Figs. 4 
and 5 shows that as the porosity increases to 10 %, 
the stresses required for compacting the compacts 
decrease. The changes in the stress values presented in 
Fig. 5, depending on the material, press punch move-
ment rate, and powder fraction, follow a pattern simi-
lar to the dependencies shown in Fig. 4. It is also appa-
rent that residual stress relaxation of more than 90 % 
is charac teristic of all compaction variations after just 
10 min of holding in a confined state. Overall, it should be 
noted that the residual stress values after 15 min of hol-
ding the compacts under load do not exceed 0.25 MPa for 
compacts with P = 0 % and 0.12 MPa for compacts with 
final porosity P = 10 %.

According to previously obtained experimental 
results [33], which aimed to determine the stress valu es 
arising during the failure of experimental samples as 
a function of their porosity, it was established that 
the stresses at failure are higher the lower the porosity 
and the larger the fraction of the material from which 
the compacts are formed. However, the effects of com-
paction speed during the production of the compacts and 
material fraction on compressive strength and the nature 
of sample failure were not addressed.

In the experiment aimed at determining the ulti-
mate compression strength, it was necessary to estab-
lish the dependence of this parameter on the porosity 
of the samples formed by the deformation of powder 
bodies composed of fractions of the waxy materials T1 
and PS50/50 at various press punch movement speeds 
in a fixed mold. Fig. 6 shows the third-order polynomial 
dependencies of the determined parameter as a function 
of the porosity of samples formed at various press punch 
movement speeds. The reliability values of the polyno-
mial approximation of the ultimate compression strength 
of the samples are indicated by the symbols .

Analysis of the data presented in Fig. 6 reveals that 
the stresses arising during the failure of experimental 
samples under compression are dependent on the maxi-
mum stress values required for compacting the samples. 
Thus, the higher the press punch movement rate and 
the larger the material fraction (with identical pre-set 
va lues of final compact porosity), the higher the stress 
value during pressing and, consequently, the higher 
the compressive strength at sample failure. 

Fig. 5. Dependences of the stresses accompanying the stages 
of compaction to a porosity of 10 % and outloading of compacts 

from materials of grades T1 and PS50/50 with a fraction 
of 0.63 mm (a) and 2.5 mm (b) on time: 

1 – Т1, rate 1.5 mm/s; 2 – PS50/50, rate 1.5 mm/s; 
3 – Т1, rate 0.5 mm/s; 4 – PS50/50, rate 0.5 mm/s

Рис. 5. Зависимости напряжений, сопровождающих стадии 
уплотнения до значения пористости 10 % и разгрузки от времени 

прессовок, формируемых из материалов марок Т1 и ПС50/50 
фракций 0,63 мм (а) и 2,5 мм (b): 

1 – Т1, скорость 1,5 мм/с; 2 – ПС50/50, скорость 1,5 мм/с; 
3 – Т1, скорость 0,5 мм/с; 4 – ПС50/50, скорость 0,5 мм/с
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During the experiment, a visual assessment of the 
failu re patterns of the experimental compacts was also 
conducted, and the influence of factors such as pressing 
speed, material fraction used in the experiment, and final 
compact porosity was determined. It is worth noting that, 
during visual observation of the compacts’ deformation 
under compression, the material fraction and press punch 
movement rate during their formation had a minimal 
impact on the failure process. Fig. 7 shows the most typi-
cal failure patterns of compacts with minimal and maxi-
mal porosity values formed from PS50/50 material.

As shown in Fig. 7, samples with 0 % porosity typi-
cally exhibit barrel-shaped deformation under compres-
sion, indicating a more ductile type of failure. In contrast, 

samples with 10 % porosity tend to fail in a trapezoidal 
shape, with cracks forming at angles of approximately 
60° to the horizontal base, suggesting a more brittle 
failu re.

Overall, it can be concluded that while compacts made 
from T1 material demonstrate better resistance to compres-
sion compared to those made from PS50/50, the PS50/50 
compacts still possess sufficient strength to withstand 
compressive loads during the application of the initial 
(uncured) layers of the refractory shell. The experimental 
data on the failure patterns of the compacts are intended 
to assist in determining the design, mass, and dimensions 
of wax patterns and/or their components produced using 
powder material molding techniques.

Fig. 6. Dependences of ultimate compression strength on porosity of the samples from fractions 
of materials of grades T1 (a) and PS50/50 (b) at different rate of press punch movement: 

1 – fraction 2.5 mm, rate 1.5 mm/s; 2 – fraction 0.63 мм, rate 1.5 mm/s; 
3 – fraction 2.5 mm, rate 0.5 mm/s; 4 – fraction 0.63 мм, rate 0.5 mm/s

Рис. 6. Зависимости предела прочности на сжатие от пористости образцов, сформированных из фракций материалов 
марок Т1 (а) и ПС50/50 (b) при различных скоростях перемещения пресс-пуансона: 

1 – фракция 2,5 мм, скорость 1,5 мм/с; 2 – фракция 0,63 мм, скорость 1,5 мм/с; 
3 – фракция 2,5 мм, скорость 0,5 мм/с; 4 – фракция 0,63 мм, скорость 0,5 мм/с

Fig.7. Nature of destruction of compacts formed at a rate of press punch movement of 0.5 mm/sec: 
a – PS50/50, P = 0 %, fraction 0.63; 
b – PS50/50, P = 10 %, fraction 0.63

Рис. 7. Характер разрушения образцов прессовок, сформированных при скорости перемещения пресс-пуансона 0,5 мм/с: 
а – ПС50/50, П = 0 %, фракция 0,63 мм; 
b – ПС50/50, П = 10 %, фракция 0,63 мм
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 Conclusions

As a result of a series of experiments involving 
the loading of waxy powder materials, holding the formed 
compacts in a confined state, and their failure, the influ-
ence of the press punch movement rate on the stress-
strain state of the compacts formed in a closed mold was 
determined. 

Through experimental determination of the stress 
dependencies accompanying the stages of compaction 
and unloading of compacts with a porosity of 0 – 10 % 
over time, at various press punch movement rates and 
material fractions of waxy powder materials, the follow-
ing was established: 

– reducing the specified values of the final compact 
porosity leads to an increase in the stresses arising during 
the compaction of waxy powder bodies and is also deter-
mined by the use of larger material fractions and compac-
tion at higher pressing rates; 

– the press punch movement rate plays a less signifi-
cant role in the magnitude of the residual stresses of com-
pacts in a confined state after compaction than the final 
porosity of the compacts. As a result, in the compaction 
of experimental powder bodies, the residual stress valu es 
after 15 min of holding the compact in a loaded state 
do not exceed 0.25 MPa for compacts with P = 0 % and 
0.12 MPa for compacts with final porosity P = 10 %.

The analysis of the experimental data showed that 
increasing the press punch movement rate and increasing 
the fraction of the material being pressed leads to higher 
stress values at the failure of the experimental samples 
under compression. The final porosity of the compacts 
and the nature of the compacted material have a greater 
influence on whether the compacts fail in a ductile or brit-
tle manner than the material fraction and pressing rate.

The results of this research are intended to help deter-
mine the design, mass, and dimensions of wax patterns 
and/or their components produced using powder material 
molding methods, ultimately leading to improved dimen-
sional and geometric accuracy of the castings.
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Аннотация. Работа посвящена автоматической электродуговой сварке под слоем флюса с применением присадочного материала в виде 

алюмотермитной засыпки для соединения толстолистовых конструкций. Материал пластины принимается упругопластическим, дефор-
мации малыми и состоящими из упругих и пластических. Обратимые (упругие) деформации связаны с напряжениями законом Дюамеля-
Неймана, необратимые (пластические) зарождаются и растут благодаря пластическому течению в рамках ассоциированного закона 
пластического течения. За условие пластического течения принято модифицированное условие Мизеса, в котором учитывается вязкость. 
Источник тепла от автоматической электродуговой сварки моделируется двойным эллипсоидом, предложенным Джон А. Голдаком, 
а тепло от химической реакции в области фронта горения алюмотермита задается значением теплового потока. Упругие модули и предел 
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Abstract. The paper is devoted to automatic electric arc welding under a flux layer using filler material in the form of aluminothermic backfill for joining 

thick-plate structures. The plate material is assumed to be elastic-plastic, the deformations are small and consist of elastic and plastic. Reversible 
(elastic) deformations are associated with stresses by the Duhamel-Neumann law, irreversible (plastic) ones arise and grow due to plastic flow within 
the framework of the associated law of plastic flow. The modified Mises condition, which takes into account viscosity, is adopted as the condition 
of plastic flow. The heat source from automatic electric arc welding is modeled by a double ellipsoid proposed by John A. Goldak, and heat from 
chemical reaction in the region of aluminothermiс combustion front is specified by the heat flux value. Elastic moduli and yield strength depend 
on temperature. Plates with thicknesses of 12, 14, 16, 18 mm were considered. Comparing the intensity of residual stresses in the upper and lower 
layers of the plates and by their thicknesses, it can be stated that with increasing thickness, the areas of distribution of residual stresses high intensity 
increase and their values increase too. These areas are located inside the material in the near-weld zone in the area of blue brittleness. Analyzing 
straightening of temperature fields, for the case of electric arc welding with filler material in the form of aluminothermiс backfill and without it, it was 
found that as a result of a chemical reaction, the temperature in the weld zone increases by 500 °C, this makes it possible to use this technology for 
welding at low climatic temperatures. 

Keywords: powder filler material, aluminothermy, electric arc welding, elasticity, plasticity, filling, low temperature
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 Introduction

With the growth of production, there emerged a need 
for the assembly of large metal structures. This is generally 
achieved through welding, which negatively affects the base 
metal, creating irreversible deformations and increased 
stresses in the weld zone due to localized thermal over-
heating. To reduce stresses in the area affected by tempera-
ture, preheating and concurrent heating are applied [1 – 4], 
reducing the temperature gradient, or post-weld heat treat-
ment is used. Mechanical impact in the weld zone by means 
of forging is also employed to reduce the negative effects 
of welding. When it comes to extended welds in thick-
walled metal plates, the aforementioned methods become 
difficult to implement, making it more appropriate to use 
a filler material to perform welding in a single pass.

Automatic electric arc welding under flux using pow-
der filler material (PFM) is intended for welding thick-
walled structures with a thickness of up to 60 mm. The use 
of PFM increases the thermal efficiency of the process 
and improves the quality of the weld joint. Traditionally, 
filler material is used in the form of granules, which are 
small fragments cut from welding wire with a diameter 
of 0.8 – 2.0 mm. PFM is supplied to the welding zone 
either by pre-filling it into the gap or groove before weld-
ing, or it is fed along the electrode extension using a meter-
ing device, provided the material is ferromagnetic [5]. 
The key advantages of the process are higher efficiency, 
higher productivity, and better weld joint quality. Possible 
variations of electric arc multi-wire welding and surfacing 
with the addition of metal powder have been discussed in 
works [6 – 9]. PFM is also used in laser welding [10 – 13].

In the present study, aluminothermic backfill is inves-
tigated as PFM, as an aluminothermic filler in powder 
wire, consisting of a mixture of metal scale fractions and 
aluminum alloy with the addition of alloying compo-
nents, has demonstrated the best performance [14 – 17]. 
Its use ensures uniform subsequent heating of the weld 
due to the combination of electric arc thermal effects 
and the exothermic redox reaction, during which iron 

is reduced from scale [18]. The slag formed as a result 
of the reaction has insulating properties, reducing heat 
dissipation from the surface of the weld and increasing 
the time for uniform solidification, which contributes 
to the formation of a fine-grained structure in the material.

Mathematical modeling allows optimizing the elect-
ric arc welding process without incurring significant 
costs [19 – 21].

Objective: to establish the effect of the combined ther-
mal impact of aluminothermic backfill during the weld-
ing of thick-plate structures on the distribution of residual 
stress intensity and assess the possibility of using this 
welding technology at low ambient temperatures. 

 Basis of the mathematical model

We assume that at the initial moment, there are no irre-
versible deformations in the plate material. Deformations 
are considered small dij and consist of reversible eij and 
irreversible pij components:

            dij = 0.5(ui, j + uj, i ) = eij + pij . (1)

The Duhamel-Neumann relationship describes the 
connection between stress, elastic deformation, and tem-
perature: 

       σij = [λekk – 3αK (T – T0 )]δij + 2μeij , (2)

where λ, μ,  are the elastic moduli; α is the  
 

coefficient of linear expansion. 
The elastic moduli depend on temperature. In this 

case, we use their linear dependence 

      (3)

текучести зависят от температуры. Рассматривались пластины с толщинами 12, 14, 16, 18 мм. Сравнивая интенсивность остаточных 
напряжений в верхнем и нижнем слоях пластин и по их толщинам, можно утверждать, что с повышением толщины возрастают области 
распространения высокой интенсивности остаточных напряжений и увеличиваются их значения. Эти области располагаются внутри 
материала в околошовной зоне на участке синеломкости. Анализируя распрямления полей температур для случая электродуговой сварки 
с присадочным материалом в виде алюмотермитной засыпки и без него, установлено, что в результате химической реакции температура 
в зоне шва повышается на 500 °С. Это дает возможность для применения данной технологии проведения сварочных работ при низких 
климатических температурах. 

Ключевые слова: порошковый присадочный материал, алюмотермия, электродуговая сварка, упругость, пластичность, засыпка, низкая тем-
пература
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where E0 and Ep are the Young’s moduli at room tempera-
ture T0 and at the melting point Tp respectively; and v is 
the Poisson’s ratio and v0 is the Poisson’s ratio at room 
temperature. 

When the stress state reaches the yield surface in 
stress space, irreversible deformations begin to grow. 
We express the associated flow law 

         (4)

The Mises plastic flow condition is adopted as the 
yield surface

          (5)

where τij = σij – δij σ0 , δij – Kronecker index, if i = j, then  
 

δij = 1, and if i ≠ j, then δij = 0;  k is the  
 

yield strength dependent on temperature k = k0θ2; 
at T = Tp k = 0.10 Pa; η is the material viscosity. 

The system of equations (1) – (5) is supplemented 
by the equilibrium equation

   σij, j = 0. (6)

The boundary conditions model the free surface. The me -
chanical problem (1), (2), (4) – (6) is solved numerically 
for a given temperature field.

 Problem setup

A plate made of low-carbon and low-alloy steel 
(St3 grade) at room temperature in an unstressed state (free-
standing) is filled with a powder filler material consisting 
of an aluminothermic composition (backfill geo metry: 
40×20 mm) (Fig. 1, a) along the length of the future weld. 
At a speed of 20 m/h, the welding machine follows the des-
ignated path (as shown in Fig. 1, b), activating the chemi-
cal reaction in the filler material by the heat of the electric 
arc. The combustion front of the aluminothermic backfill 
moves at the same speed, slightly ahead of the welding 
process. The plate thickness varies from 12 to 18 mm. 
The diameter of the Sv-08 electrode wire is 3 mm.

During arc welding, the process of heat distribution in 
a solid body is described by a nonlinear heat conduction 
equation considering the active heat source

         (7)

where λ(T) is thermal conductivity, (W/mꞏ°С); c(T) is 
specific heat capacity (J/kgꞏ°С); ρ is density (kg/m3); q is 
the volumetric power density of the heat source (W/m3). 

The heat source from electric arc welding is mode-
led using a double ellipsoid proposed by John A. Gol-
dak [22]. Fig. 2, b shows the shape of the heat flux in 
the plate during welding.

    (8)

where Q is the effective thermal power of the heating 
source (for arc welding Q = ηIU, in W); τ is the time 
since the source started, in s; t is the current time, in s; 
v is the welding speed, in m/s; x, y, z are the semi-axes 
of the ellipsoid in the OX, OY, and OZ directions, in m; 
fs and fl are coefficients defining the ratios for heat intro-
duced into the front and rear parts of the ellipsoid; as , al , 
b, c are the respective radii of the normal distribution. 
Based on the above, the relationship between coefficients 
fs and fl is as follows:

At the front of the aluminothermic combustion zone, 
the boundary conditions are given as

Fig. 1. Experimental setup

Рис. 1. Постановка эксперимента
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     (9)

where qw (x, y, z) is the heat flux from the chemical reac-
tion, amounting to 58 W.

On surfaces free from the heat source, boundary con-
ditions model heat dissipation into the surrounding envi-
ronment:

       (10)

where kof is the heat transfer coefficient with the sur-
rounding medium, equal to 6 W/(m2ꞏ°С). In the weld 
area, the slag formed by the welding process reduced heat 
dissipation from the plate surface to 3.5 W/(m2ꞏ°С).

Since λ and c are constants, the system of equations 
(7) – (10) is solved using the sweep method.

 Calculation results

We consider steel plates measuring 500×150 mm 
with thicknesses of 12, 14, 16, and 18 mm and the fol-
lowing physical-mechanical characteristics: density 
ρ = 785 kg/m3; Young’s modulus E0 = 210 GPa at room 
temperature and Ep = 0.3 GPa at the melting point 
Tp = 1400 °C; Poisson’s ratio of 0.27; yield strength 
of 255 MPa at room temperature; coefficient of linear 
thermal expansion of 11.1ꞏ10–6 1/°С; thermal conducti-
vity 55.5 W/mꞏ°C; specific heat capacity of 482 J/kgꞏ°С); 
source efficiency of 90 %; current of 300 A; and voltage 
of 35 V.

To analyze the effect of powder backfill, we will 
compare the thermal fields. Fig. 3 shows the distribution 

of the temperature field resulting from automatic electric 
arc welding using aluminothermic backfill and without 
it. The voltage-current characteristics and welding speed 
are identical in both cases. As can be seen, in the area 
of the welding arc, the temperature field with the filler 
material is increased by 500 °C. This allows the use 
of aluminothermic backfill in low ambient temperatures 
as preheating. 

If we take the cooling time of the weld obtained 
by electric arc welding at room temperature as the basis 
for assessing the quality of the joint, then this time can 
also be achieved at sub-zero temperatures. Fig. 4 shows 

Fig. 2. Task outline

Рис. 2. Схема задачи

Fig. 3. Temperature distribution in the upper layer of a steel plate 
formed as a result of electric arc welding with (a)  

and without filler material (b) 

Рис. 3. Распределение температуры в верхнем слое стальной  
пластины, образованное в результате электродуговой сварки  

с применением присадочного материала (а) и без него (b)
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Fig. 4. Cooling time of a 12 mm thick plate

Рис. 4. Время остывания пластины толщиной 12 мм

Fig. 5. Distribution of residual stresses intensity depending on plate thickness, formed as a result of automatic electric arc welding  
with filler material in the form of aluminothermic backfill:  

12 mm (а); 14 mm (b); 16 mm (c); 18 mm (d) 

Рис. 5. Распределение интенсивности остаточных напряжений, образованных в результате автоматической  
электродуговой сварки с присадочным материалом в виде алюмотермитной засыпки, в зависимости от толщины пластины:  

12 мм (а); 14 мм (b); 16 мм (c); 18 мм (d)

the cooling time for a plate with a thickness of 12 mm, 
depending on the ambient temperature. The solid line 
represents the use of filler material, while the dashed line 
represents welding without it. 

The cooling time of the weld obtained by automatic 
electric arc welding at 20 °C is the same as at –25 °C 
with the use of aluminothermic backfill, making it pos-
sible to apply this welding process at sub-zero ambient 
temperatures. 

Next, let us consider the effect of plate thickness 
on the intensity of residual stresses formed as a result 
of electric arc welding at room temperature using filler 
material in the form of aluminothermic backfill. Fig. 5 
shows the residual stress fields in the upper and lower 
layers of the plate. It can be seen that as the plate thick-
ness increases, the intensity of residual stresses in 
the material also increases. Looking in the transverse 
direction at the center of the plate, the highest intensity 
of residual stresses is located in the area of blue brittle-
ness and increases with plate thickness, while in the cen-
ter of the weld the values are small (Fig. 6).
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To demonstrate that the use of aluminothermic back-
fill during electric arc welding reduces areas with high 
intensity of residual stresses, we compare Fig. 6, a with 
Fig. 7, which shows the distribution of residual stress 
intensity in a weld obtained without filler material in 
a 12 mm thick plate. The positive effect of alumino-
thermic backfill is evident, as the weld obtained with-
out filler material shows a high level of residual stress 
intensity covering a large area, almost half the thickness 
of the weld, and decreasing towards the periphery. This 
cannot be said for the weld made using filler material 
in the form of aluminothermic backfill, where the small 
area of high residual stress intensity is located away from 
the weld zone in the area of blue brittleness. The pattern 

(effect) of this arrangement can be compared to preheat-
ing, with the regions of high-temperature gradient located 
on the sides of the weld zone in the fusion area.

 Conclusions

Studies were conducted on automatic electric arc 
welding under a flux layer using filler material in the form 
of aluminothermic backfill for joining thick-plate struc-
tures. It was found that the use of aluminothermic back-
fill reduces the intensity of residual stresses compared 
to traditional welding. As the plate thickness increases, 
both the intensity of residual stresses and the area of their 
distribution expand. 

Due to the additional heat generated during the chemi-
cal reaction, the temperature in the material during auto-
matic electric arc welding with aluminothermic backfill 
increases by 500 °C compared to welding without this 
filler material. This indicates that welding operations 
can be carried out at low ambient temperatures, while 
ensuring the same quality of the weld joint as would be 
achieved at room temperature.
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Аннотация. В металлургической промышленности примерно 40 % энергии, затрачиваемой на подготовку сырья для дальнейшего пере-

дела, приходится на процессы разрушения хрупких материалов. Измельчение осуществляется на дробильных машинах. Из проведен-
ного анализа работы дробильных машин, отличающихся по способу создания в разрушаемом куске хрупкого материала напряжений, 
следует, что оптимальным, с точки зрения энергоэффективности, является способ дробления, при котором в перерабатываемом мате-
риале путем генерации возникают касательные напряжения (деформация сдвига). Авторы приводят описание конструкции дробильной 
машины, обеспечивающей в процессе дробления в куске возникновение только касательных напряжений, вызывающих сдвиговые 
деформации. 

Ключевые слова: металлургические процессы, подготовка сырья, дробилка, энергоэффективность, хрупкий материал, сдвиг
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Abstract. In the metallurgical industry, approximately 40 % of the energy spent on raw material preparation for further processing accounts 

for the processes of brittle materials destruction in crushing machines. From the analysis of operation of crushing machines, differing 
in the method of creating stresses in a destructible piece of brittle material, it follows that the best, from the point of view of energy efficiency, 
is the one in which tangential stresses (shear deformation) are generated in the processed material. The authors describe the design of a crushing 
machine which ensures that during the crushing process only tangential stresses arise in the piece, causing shear deformations. 
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The rapid growth in the production of metallurgical 
products necessitates an increase in the volume of mine-
ral raw materials prepared for metallurgical processes. 
Typically, the primary reserve for improving the perfor-
mance of metallurgical units is enhancing the quality 
of raw material preparation. Therefore, mineral process-
ing is one of the key stages in preparing mineral resources 
for further use.

The productivity of metallurgical units depends 
on the quality of charge materials, including their particle 
size distribution. Therefore, charge preparation is a prio-
rity for boosting productivity and improving the quality 
of finished products in the metallurgical industry at its 
current stage of development. For example, to produce 
high-quality coke, coal undergoes preliminary prepara-
tion, while iron ores are processed into pellets used in 
blast furnace iron smelting. Loose fluxes containing 
limestone are essential in the preparation of sinter and 
in the smelting process in steelmaking furnaces (conver-
ters, electric arc furnaces). The initial stages of mineral 
raw material preparation for smelting include crushing 
to achieve the required particle size for further proces-
sing [1].

In the metallurgical industry, approximately 40 % 
of the energy spent on raw material preparation for fur-
ther processing is dedicated to the destruction of brittle 
materials in crushing machines. This makes energy con-
servation a pressing concern. Additionally, the demand 
for processed (size-reduced) raw materials is increas-
ing by about 7 % annually [2; 3], as metallurgical pro-
cesses require lump materials of specific sizes, which are 
achieved through the use of crushing equipment. One 
of the key indicators of the crushing process is its energy 
efficiency. Crushers that operate based on compression, 
such as roll crushers [4], cone crushers [5], and high-per-
formance jaw crushers [6], are commonly used for brittle 
materials. However, it is well known that compression-
based crushing is the most energy-intensive method [7].

To reduce energy consumption in the crushing of brit-
tle materials, it is essential to create conditions in which 
only tangential stresses act within the material, leading 
to shear deformations. In this case, the strength of the pro-
cessed material is minimized, reaching a value that is half 
of what it would be under normal stresses that occur dur-
ing compression.

In this study, a design of a jaw crusher (see Figu re) 
is proposed, which ensures that the forces acting on 
the crushed piece are distributed in such a way that only 
tangential stresses are generated, causing shear defor-
mations [8]. The developed crusher design consists 
of the crusher’s bed (1), to which a support hinge (2) 
is attached on the lower plate, and a movable jaw (3) is 

installed. The jaw is driven by a crank-connecting rod 
mechanism, allowing it to perform a swinging motion 
around the vertical axis. In the upper crossbar of the cru-
sher’s bed (1), there is a loading spout (6) for feeding 
lump material into the crushing zone. The size of the dis-
charge opening of the spout corresponds to the size 
of the crushed piece (7), and the spout’s axis aligns 
with the vertical axis of the support hinge (2). To ensure 
the crusher remains operational during use, it is necessary 
to meet the condition that the upper edge of the movable 
jaw does not touch the lower edge of the discharge ope-
ning of the loading spout during the swinging motion.

The operation proceeds as follows: pieces of material 
to be crushed are fed one by one into the crushing zone 
through the loading spout under the influence of gravity. 
The crushing zone is formed by the surface of the movab le 
jaw and the lower edge of the spout’s opening. When 
a piece enters the crushing zone, it contacts one side along 
line B with the edge of the loading spout and the other side 
along line A with the movable jaw.

As the movable jaw moves, it presses the crushed piece 
against the lower edge of the spout’s discharge opening, 
causing forces to act upon it. One of these forces, com-

Diagram of a jaw crushing machine operating in shear: 
1 – crusher’s bed; 2 – support hinge; 3 – movable jaw;  

4 – crank; 5 –connecting rod; 6 – loading spout; 7 – crushed piece;  
8 – unloading spout

Схема щековой дробильной машины, работающей на сдвиг:
1 – станина дробилки; 2 – опорный шарнир; 3 – подвижная щека; 

4 – кривошип; 5 – шатун; 6 – загрузочная течка; 
7 – дробимый кусок; 8 – разгрузочная течка
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ing from the upper edge of the movable jaw, is directed 
tangentially to the trajectory of point A’s movement. 
The other force, from the lower edge of the spout, is 
directed horizontally away from point B, passing through 
the lower edge of the spout. With this force distribu-
tion acting on the crushed piece, only tangential stresses 
arise due to the opposing directions of the force vectors 
in the same plane. In this case, the fracture of the brittle 
material occurs as a result of shear deformation generated 
in the piece.

After the initial fracture, the detached part of the mate-
rial is ejected toward the discharge spout, while the remain-
ing part is removed from the crushing zone as the mo vab-
 le jaw changes its direction. During the reverse stroke 
of the movable jaw, the crushing process is repeated.

In the jaw crusher under consideration, the fragmenta-
tion of the brittle piece is achieved due to the generation 
of tangential stresses and the formation of shear deforma-
tions. The energy consumption for crushing is reduced 
by nearly half compared to jaw crushers operating on 
compression.

 Conclusions

An analysis of the operation of crushing machines 
(which use various methods to generate stresses in 
the crushed piece of brittle material) shows that the most 
energy-efficient method is one where fragmentation 
of the original piece is achieved by generating tangen-
tial stresses in the processed material, resulting in shear 
deformation.

A crushing machine design has been developed that 
ensures only tangential stresses, causing shear defor-
mations, occur in the crushed piece during operation. 
This design reduces energy consumption for crushing 
by nearly half compared to crushers that operate based 
on compression.
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Аннотация. Взаимосвязь температурно-деформационно-силовых параметров в процессах горячей деформации имеет важное значение 

в практике обработки давлением. Из двух вариантов поиска и описания таких связей (основанных на физических закономер ностях 
и математических приемах) в некоторых случаях оказывается более простым способ математического поиска искомой зависимости. 
Именно такой путь реализован в данной работе. Для этого из оцифрованных диаграмм деформации образцов жаропрочной 12 %-ной 
хромистой стали 1Cr12Ni3Mo2VNbN, продеформированных до истинной степени деформации ~1 при 1253 – 1453 К и скорости 
сжатия 0,01 – 10 с–1 в истинных координатах (φ и S) создавали матрицу исходных данных, в которой для каждой точки эксперимен-
тальной диаграммы деформации указывались напряжение S, степень деформации φ, скорость деформации φ′ и температура Т. 
Проведен поиск математической модели в мультипликативной форме, что позволило логарифмированием привести ее к линейному 
виду, а для поиска коэффициентов при сомножителях (а после логарифмирования – при слагаемых) использовать стандартные опера-
торы программы Mathcad, использующие алгоритмы расчетов на основе метода наименьших квадратов. Качество модели оценивали 
количественно через расчет Q – суммы квадратов разностей между расчетными и экспериментальными значениями напряжений 
с нормировкой ее на среднее значение напряжения S от всего массива. Для найденной наилучшей формы связи S = f (φ, φ′, T) вида  
 

 значение Q  
 

  myubelom@yandex.ru
Abstract. The relationship between temperature-strain-force parameters in hot deformation processes is important in the forming prac-

tice. Of the two options for searching and describing such relationships (based on physical laws and mathematical techniques), in some 
cases the method of mathe matical search for the desired dependence turns out to be simpler. This is exactly the path implemented in the 
abstracted message. For this propose, a matrix of initial data was created from digitized strain diagrams of the samples made of heat-resistant 
1Cr12Ni3Mo2VNbN 12 % Cr steel deformed to a true deformation degree of ~1 at 1253 – 1453 K and a compression rate of 0.01 – 10 s–1 
in true coordinates (φ and S). In this matrix, for each point of the experimental deformation diagram the stress S, the deformation degree 
φ, the deformation rate φ′, and the temperature T were indicated. The required mathematical model has a multiplicative form, which made 
it possible to bring it into a linear form by taking logarithms and to search for coefficients with the factors (and after logarithm, with 
terms in a polynomial) to use standard Mathcad operators with calculation algorithms based on the least squares method. The quality of 
the model was assessed quantitatively by calculating Q – the sum of squared differences between the calculated and experimental stress 
values   with its normalization to the average stress value S from the entire array. For the found best form of relationship S = f  (φ, φ′, T) as  

 the Q value  
 

was 6 % of Sav = 130 MPa. It was established that the found type of mathematical description of hot deformation is applicable to the analysis of hot 
deformation processes of a wide variety of metal materials, while the accuracy of the predictive characteristics of the deformation stress is 3 – 11 %. 

Keywords: hot deformation, mathematical model, Arrhenius equation, heat-resistant high-chromium steel, least squares method
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 Introduction

Pressure processing is the primary method for 
obtaining metal products of a specified grade and size. 
From the perspective of production efficiency (balance 
of equipment and billet heating costs), hot deformation 
has an undeniable advantage. Cold deformation is used 
to impart high mechanical properties at the final stage 
of pressure processing through the mechanism of cold 
work hardening (sheet, wire, strip, rod, etc.).

The ability to control hot deformation processes is 
determined by knowledge of the relationships between 
such variable factors as pressure, deformation, strain rate, 
and temperature. Understanding these patterns allows for 
the introduction of computer control over hot deformation 
processes (such as controlled rolling for automobile body 
sheet) to regulate the structure and mechanical properties 
of the final product.

Basic equations relating variables of the Hollomon 
type (H) [1; 2], exponential-power law (ES) [3], Lud-
wigson (L) [4], Zener-Hollomon (Z and Z1) [5; 6], Bird–
Mukherjee–Dorn (BMD) [7], the modified Zener-Hollo-
mon equation (ZM) [5], and Johnson-Cook (DK) [8] are 
known. These equations mathematically appear as fol-
lows:

               S = S0 φn ; (H) 

          σ = Aεn
 exp(kε); (ES)

              S = K0 φn + exp(K1 + K2φ); (L)

    (DK)

          (Z)

    (Z1)

where S is the true stress, MPa; S0 , K0 , K1 , K2 , A, α, n are 
material constants, α = β/n; φ is the true strain, dimension-
less; σ is the flow stress, MPa; ε is strain, dimensionless; 
Z is the Zener-Hollomon parameter;  is the strain rate, s–1; 
Q is the activation energy of hot deformation, kJ/mol; R is 

the universal gas constant, 8.314 J/molꞏK; Т is the abso-
lute temperature, K; F(σ) = σθ, ασ < 0.8; F(σ) = exp(βσ), 
ασ > 1.2; F(σ) = [sin h (ασ)]n for all other ασ.

The replacement of the hyperbolic law F(σ) in equa-
tion (Z1) gives

            (А)

where p is a constant. 
Equation (A) – the Arrhenius equation in the form 

of the hyperbolic sine [9; 10] – can better describe 
the dependence of stress on temperature and strain rate 
during steady-state flow. According to the definition 
of the hyperbolic law, the flow stress can be expressed as 
a function of the Zener-Hollomon parameter in the form:

       (Z)

           (BMD)

   (ZM)

The above equations are not universal. The Hollo-
mon-type equation (H) is used to determine the parame-
ters of the cold and warm deformation curve, where, 
until the point of plastic flow instability (most often 
until the onset of necking), the strain hardening coeffi-
cient dσ/δε is positive (i.e., the curve continuously rises, 
although with a constantly decreasing slope). The expo-
nential-power equation (ES) describes well the hot defor-
mation curve, where there is a stage with a constantly 
decreasing load (although quite slowly) as deformation 
increases, not associated with the onset of necking (at this 
stage, processes are controlled by dynamic polygoniza-
tion), but it poorly describes the stage of dynamic 
recrystallization. The first two types of equations do not 
account for temperature and strain rate. The Zener-
Hollomon (ZM) equations and their variants are used 
to describe those hot deformation curves where the stage 
with a constant strain rate is pronounced (at this stage, 
the curve runs parallel to the abscissa axis, which may be 

составило 6 % от Sср = 130 МПа. Установлено, что найденный вид математического описания горячей деформации применим к анализу 
процессов горячей деформации самых разнообразных металлических материалов, при этом точность прогнозных характеристик напря-
жения деформирования составляет 3 – 11 %. 

Ключевые слова: горячая деформация, математическая модель, уравнение Аррениуса, жаропрочная высокохромистая сталь, метод наимень-
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due to dynamic polygonization or dynamic recrystalliza-
tion), and the found equations allow predicting the rela-
tionship between strain rate at this stationary stage with 
temperature and stress, but without considering the degree 
of deformation. 

The number of generalized mathematical dependen-
cies (i.e., considering all four factors – strain ε, strain rate 
, temperature Т, and stress σ) hat various researchers 

aim to derive from experimental results is limited. These 
include the general Arrhenius-type dependencies 

 

the Zerilli-Armstrong dependency 

σ = C0 + C2 ε1/2 exp[–C3T + C4 ln( )], 

and the combined equation 

 

where С0 , С2 , С3 , С4 are constants.
The relationship between all four variables (σ, ε, , Т)  

can be represented by generalized model equations 
(GM) [1; 11] 

       (1.1)

or after logarithmization 

      (1.1а)

Combining equations (ES – exponential-power law) 
and (GM – generalized model) [12] gives

 

or after logarithmization

The generalized Zerilli-Armstrong equation [13] is 
also known 

σ = С0 + С2 ε1/2 exp[(–C3 T + C4 ln( )],

after logarithmization of which (assuming С0 = 0 
at the initial cycle), the relationship between variables 
can be expressed as a functional dependence in the form

log(σ) = A + B log(ε) + C log( ) + DT.

All these equations are used both to describe deforma-
tion processes and to predict (calculate) the parameters 
required by engineers or researchers – stress, strain, or 
strain rates.

Some researchers introduce structural parameters 
(grain size, dislocation density, etc.) into deformation 
models. Such models include the Bird–Mukherjee–
Dorn (BMD) and Johnson-Cook (DK) models [7; 8]. 
However, the application of such methods requires pre-
liminary determination of a large number of structural 
parameters for each deformation curve (up to three), so 
the total number of determined variables can amount 
to several dozen.

The experimental part of hot deformation research 
is conducted on small-sized test samples. The parame-
ters of hot pressure processing are simulated by vary-
ing temperature, strain rate, and deformation degree 
while recording the load on the sample. The purpose 
of such tests is to obtain a set of deformation curves 
constructed in the coordinates “strain ε – stress σ” while 
varying the test temperature Т and the nominal strain 
rate , which are kept constant in a single experiment, 
and then to find a formula that links all the variables 
(both dependent and independent). This is the proce-
dure for constructing a generalized mathematical model 
of hot deformation. For an adequate comparison of the 
mechani cal behavior of samples in such tests with 
the evolution of the structure, the experiments are con-
ducted in a manner that maintains a constant true strain 
rate φ′ throughout the entire test, and the recorded force 
on the sample is converted into true stress S. When using 
“true coordinates” S and φ, the change in the dimensions 
of the samples during deformation is taken into account 
(when using “nominal coordinates” σ and ε, all the calcu-
lated mechanical characteristics are related to the initial 
dimensions of the samples). 

Analysis of mathematical methods used to obtain 
coefficients for various dependencies leads to the conclu-
sion that the simplest ones are the “one-step” methods, 
which, through logarithmization or other mathematical 
transformations, reduce the original model (chosen as 
a hypothesis to test its quality) to a linear form. After 
this, determining the coefficients of such a model 
becomes trivial (the procedure for finding the coefficients 
of linear equations in typical calculation programs such 
as Excel, Mathcad, Origin, MATLAB, Statistica, and 
the like is extremely simple and formalized). In con-
trast, the procedure for determining the coefficients for 
variables in the Z1 deformation law, which is most often 
used by researchers, is multistep, with several interme-
diate stages of analysis. The authors of [14; 15], based 
on the ideology of simplifying the search for a deforma-
tion law, developed a method for analyzing the creep 
process, in which the number of experimental variables 
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was limited to three (stress, temperature, and strain rate). 
The analysis, carried out using such a simplified model, 
showed that the first step in such a process should be 
the experimental or theoretical (or hypothesized) search 
for the form of the model that is convenient for mathe-
matical transformations. For the case of creep analysis, 
the following was demonstrated:

– two main methods used in practice – Hollomon’s 
method (or its special case, the Larson-Miller method) 
and the Arrhenius approximation – allowed models 
to be obtained with similar predictive accuracy;

– in the factors of both models, which account for 
the influence of deformation temperature, it is advi sable 
to also consider the level of applied stresses (which, 
according to creep test methodology, are always initial);

– accounting for the previous point inevitably leads 
to the appearance of a “cross” influence of independent 
factors in the generalized deformation equation (such as 
“stress σ(1/Т)”).

These results led to the idea of applying the same 
procedures to find the generalized mathematical law 
of hot deformation, in which the fourth variable – degree 
of deformation – inevitably appears.

The aim of this work is to develop a generalized 
mathematical equation to describe large hot plastic 
deformations, taking into account the simultaneous 
influence of strain φ, strain rate φ′, and temperature Т, 

without relying on the structural-mechanical constants 
of the material.

 Description of the analysis object and
 

the processing methodology

All researchers conducting multifactor analysis 
of hot deformation use the results of compression tests 
on cylindrical samples with a diameter of about 10 mm 
and a height-to-diameter ratio of ~1 to 2. In this study, 
the analysis was carried out using the results described 
in [12]. Yang-Hong Xiao and Cheng Guo, in their report, 
presented data from compression tests up to true strain 
values of ~1 at 1253 – 1453 K and compression rates 
of 0.01 – 10 s–1 on samples of heat-resistant 12 % chro-
mium steel 1Cr12Ni3Mo2VNbN. The shape of the initial 
deformation curves is shown in Fig. 1.

By digitizing these curves using the Grafula program, 
an array of experimental data was obtained in the form 
of a table containing approximately 800 rows. In four 
columns, the table recorded data on deformation, stress, 
strain rate, and temperature for each experimental point 
(approximately 40 points for each of the 20 experimental 
curves). The independent variables were true strain φ′, 
and temperature Т (in K). The dependent variable was 
true stress S. A fragment of the initial data table is shown 
in Table.

Fig. 1. Curves of hot compressive deformation in true coordinates according to [12] at deformation rate, s–1 : 
0.001 (а); 0.1 (b); 1 (c); 10 (d) and temperature, K: 1 – 1253; 2 – 1303; 3 – 1353; 4 – 1403; 5 – 1453

Рис. 1. Кривые горячей деформации сжатием в истинных координатах по данным работы [12] при скорости деформации, с–1 : 
0,001 (а); 0,1 (b); 1 (c); 10 (d) и температуре, К: 1 – 1253; 2 – 1303; 3 – 1353; 4 – 1403; 5 – 1453
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 Results and discussion

Taking into account the results of studiesde-
scribed above, the first step was to base the analysis 
on the gene ralized Arrhenius-type dependency (GM). 
Using the regress function from the Mathcad program, 
the values of the coefficients A, B, C, D were obtained 
in equation (1.1а). After reversing the logarithmic form 
of equation (1.1а) to the direct form (1.1b) the following 
equation was derived 

J/mol      (1.1b)

A visual assessment of the model’s quality was con-
ducted by comparing the experimental values of S with 
the values calculated using the derived equation (1.1b) 
(Fig. 2). 

To quantitatively assess the quality of the mathe-
matical model, the sum of squared differences between 
the calculated and experimental stress values was 
compu ted, normalized to the mean stress value S using 
the formula

              (2)

For the model in the form (1.1b), this value was 
approximately 14 %. 

The comparison of the visual and quantitative assess-
ments shows that, despite the small average deviation 
of the predicted values from the experimental ones, 
the model (1.1b) provides poor predictions for high-stress 
intervals (the final sections of the compression curves 
with large degrees of deformation) (Fig. 2).

In order to refine the assumed model, an analysis 
of individual deformation curves was conducted. Since 
the primary mathematical method for determining coef-
ficients for the variables was linear regression analysis 
using the least squares method, the focus of the analy-
sis was on linear equations with a logarithmic form 
of the variables. Preliminary trials (where “trial” refers 
to various mathematical formulations of the relationships 
between the variables) for determining equations that 
describe individual deformation curves (each of these 
curves was obtained at constant values of temperature 
and strain rate) showed that for most deformation curves, 
the equation of the form

        S = А(φ)B10C(φ) (3)

or, after logarithmization 

          log(S) = A1 + B1 log(φ) + C1 (φ) (3a)

provides a good description. This representation allows 
obtaining Q values for individual curves in the range 
of 1.5 to 5 % (Fig. 3).

The accuracy of the prediction improves even fur-
ther when the expression (3a) is modified by including 
a multi plier in the form of the ratio of the strain degree φ 
to the logarithm of this value:

         (4)

The quality of such equations, evaluated by the para-
meter Q ranges from 0.5 to 1.7 % (Fig. 3), and the rela-

Fragment of initial data array for analysis 
of 1Cr12Ni3Mo2VNbN steel hot deformation

Фрагмент массива исходных данных для анализа 
горячей деформации стали 1Cr12Ni3Mo2VNbN

Number S, MPa φ, fraction of 1 φ′, s–1 Т, K
1 79.5 0.08876 0.010 1453
2 97.7 0.02500 0.010 1453
3 106.8 0.03700 0.010 1453
4 114.3 0.05100 0.010 1453
5 117.8 0.06700 0.010 1453
6 121.9 0.08000 0.010 1453
7 124.2 0.09400 0.010 1453
... ... ... ... ...

889 120.3 0.61200 10 1253

Fig. 2. Comparison of calculated and experimental stress values   
according to the model (GM) 

Рис. 2. Сопоставление расчетных и экспериментальных значений 
напряжений по модели (ОВ)
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tionship between variables in its direct form (without 
logarithms) is described by the equation

        (4а)

Further development of this model followed the next 
steps. In the deformation curves obtained from tests con-
ducted at low temperatures and/or high strain rates, there 
is an extended section of significant stress increase after 
the yield point on the graphs, with a high strain harde-
ning coefficient D = dS/dφ. Such a feature of the curve 
shape can be accounted for by introducing a third-degree 
polynomial of strain φ. Based on this logic, quadratic 
and cubic terms of the strain degree φ were added to the 
model in its logarithmic form: 

 (4c)

In its direct form, this expression is described by the 
equation 

        (4d)

With this representation, the parameter Q for indivi-
dual curves decreases from 0.3 to 1.0 %.

Taking all of the above into account, a modified mathe-
matical model was developed to describe the comp lete 
dataset. The modifications to the model (1.1) in its loga-
rithmic form (1.1a) were as follows: 

– terms accounting for the degree of deformation φ 
and the strain rate φ′ were introduced (under the exponen-

tial sign) into the multiplier that accounts for the effect 
of deformation temperature; 

– the mutual influence of independent factors on each 
other was accounted for by adding a multiplier (φφ′); 

– dependencies on the square and cube of the strain 
degree φ were introduced through corresponding multipliers. 

The general form of the equation for the relationship 
between variables, after being reduced to a linear form 
by logarithmization, looks as follows:

  (5)

Finding the coefficients A – P for equation (5), which 
ensures the minimum sum of squared differences between 
the calculated Scalc and experimental Sexp values, con-
ducted using the Mathcad program, made it possible 
to obtain the desired equation for the relationship in 
the following form

    (6) 

Fig. 3. Description of S – φ dependences with formula (3):
,  – experiment, dashed lines – calculated values; 

1 – T = 1253 K, φ′ = 0.1 s–1; 2 – T = 1453 K, φ′ = 0.1 s–1

Рис. 3. Описание зависимостей S – φ формулой (3): 
,  – эксперимент, штриховые линии – расчетные значения; 

1 – Т = 1253 К, φ′ = 0,1 с–1; 2 – Т = 1453 К, φ′ = 0,1 с–1

Fig. 4. Comparison of calculated and experimental stress values   
according to model (6a) 

Рис. 4. Сопоставление расчетных и экспериментальных значений 
напряжений по модели (6а)
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which can be transformed into its direct form:

  (6а) 

or with the temperature component separated:

  (6b)

A graphical illustration of the agreement between 
the calculated and experimental values of S is shown in 
Fig. 4. The quality indicator of this model, Q = 6.1 %, is 
significantly better than that of the original model, both 
qualitatively and quantitatively (compare with Fig. 2).

The obtained equation (6a) allows for predicting 
the shape of the deformation curve for various combina-
tions of φ, φ′ and Т. Examples of such graphs, compared 
with experimental curves, are shown in Fig. 5. The pre-
sented graphs illustrate both “good” and “not-so-good” 
agreement between the calculated and experimental curves. 

It is known from statistical theory [16] that increasing 
the sample size of experimental data can lead to improved 
accuracy in the description of a mathematical model 
(reducing its variance). To test this hypothesis, the num-
ber of original data points (the number of rows in the full 
matrix) was artificially reduced sequentially from ~900 
to ~200, and the model quality indicator Q was recalcu-
lated. The results of these calculations are presented in 
Fig. 6. It can be seen that reducing the size of the experi-
mental data sample by approximately 4 times (from 900 
to 200) does not significantly affect the predictive quality 
of model (6а).

This unexpected result may reflect the fact that 
only a few characteristic points are decisive in shaping 
the modeled curve (in this respect, the methodology is 
similar to the aforementioned Johnson-Cook method). 

An important test of the developed model’s functio-
nality is its validation on other datasets. Using the metho-
dology described above, the results of hot compression 
tests of materials from other groups were processed: heat-
resistant nickel alloy Ni33Cr27Fe35Mo3.5Mn1Cu0.6 from 
the Inconel group [17], heat-resistant nickel alloys [18], 
and the Ni56Cr24Co14Mo0.5W1Nb1.5Al1.5Ti1.5 alloy from 
the Nimonic group [19], cobalt alloys [20; 21], ferritic 
heat-resistant Cr12 – Cr27 steels [22], heat-resistant 9 % 
chromium DUO steel [23], and steel 20Cr13 [24]. It was 

Fig. 5. Comparison of experimental (1) deformation curves 
and dependencies constructed according to equation (6a) (2). 

Deformation modes: 
a – 1253 K, 0.1 s–1; b – 1253 K, 1.0 s–1

Рис. 5. Сопоставление экспериментальных кривых 
деформации (1) и зависимостей, построенных 

по уравнению (6а) (2) при режимах деформации: 
а – 1253 К, 0,1 с–1; b – 1253 К, 1,0 с–1

Fig. 6. Change in Q index of the generalized deformation model 
in the form (6a) depending on sample size 

(Y axis marks the range of observed values of Q) 

Рис. 6. Изменение показателя Q обобщенной модели деформации в 
форме (6а) в зависимости от объема выборки 

(по оси Y отмечен диапазон наблюдавшихся значений Q)
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found that the developed type of mathematical model is 
applicable to these cases as well. It is implied that for all 
these cases, the nomenclature and form of the multipliers 
in the relationship formula are unified across all studied 
alloys, though the coefficients for these multipliers, natu-
rally, differ. The predictive quality, evaluated by the Q, 
indicator ranged from 3 to 11 %. 

 Conclusions

A generalized mathematical model in multiplicative 
form has been proposed, which describes the relationship 
between stress, strain, strain rate, and temperature during 
large hot deformations (up to a true strain degree of 0.8), 
at temperatures ranging from 0.6 to 0.85Т/Тmelt) and strain 
rates between 0.01 and 10 s–1. The model predicts defor-
mation force with an accuracy of approximately 6 %, 
without relying on a priori (tabulated) or pre-determined 
structural, mechanical, or energy characteristics. 

The multipliers used in the developed mathematical 
model reflect experimentally observed interdependencies 
between the independent variables (φ, φ′, Т) and the spe-
cific features of the deformation curves. 

It has been established that this mathematical model is 
applicable to a wide range of metallic materials undergo-
ing hot deformation, with predictive accuracy for defor-
mation stress characteristics ranging from 3 to 11 %.

The obtained data allow for the analysis of not only test 
results with a fixed true strain rate φ′ – which is metho-
dologically complex – but also results from experiments 
conducted using the traditional method with a constant 
nominal strain rate , where the true strain rate φ′ is not 
constant.
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