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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 20" century and the beginning of the 21 century both in theoretical and in applied areas. However, the history of metallurgy in St. Peters-
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JIypTUH B OTHOM U3 BEIYIINX PETHOHOB HAIIEH CTPaHBI.
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] HISTORY OF ENTERPRISES IN THE INDUSTRY The history of the Izhora Plants began in the 18" cen-
tury with a sawmill that processed timber for shipbuild-

One of the first metallurgical enterprises in St. Peters-  ing. The enterprise was officially established in 1722
burg and Russia are the Izhora, Kirov (formerly Putilov), by decree of Peter I, the first emperor of Russia. Since
and Obukhov plants [1 — 4]. 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 21 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, during 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 mathematician 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 50" 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
ofthe 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
metallurgical complexes, supplying tunnel segments,
escalators, and shield tunneling machines for the Mos-
cow Metro.

During World War 1I, “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-
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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 10" Anniversary Golden European Award
(France) and the 21% 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 industry
(manufacturing flat and round rolled products).

[l 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
workers how to determine the temperature of red-hot
steel forgings by sight. Dmitrii Konstantinovich 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

Fig. 1. Dmitrii Konstantinovich Chernov

Puc. 1. Imutpuit Koncrantunosuu YepHon

of rapid forging with a heavy hammer, the scientist 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
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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 metallurgy 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).

.
>4
- ‘P

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-
demy 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-

Q-

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

Puc. 2. Akanemuk baiikoB A.A. cO CBOMMH yueHHKaMH — TIPETIOABATEIISIMU U CTYICHTAMH METAITypru4eckoro (hakyisreTa
JIeHUHTpaJICKOTO MOJIMTEXHUYECKOro HHCTHTYTA (HbiHe CaHKT-IleTepOyprekuil nonuTexuudeckuii ynusepeuret Ilerpa Bemukoro), 1939 .
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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 100" 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 90" 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 developed 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 Energomash
(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 metals, metallography, and plastic
metal processing (chaired by Professors A.S. Zav’yalov,
Yu.V. Shakhnazarov, 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 specialists 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 Faculty 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
science.

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

Puc. 3. Bropo ceKklnu MeTayuIoBe/IeHHs U TepMUYeckoit 00paboTku Jlennnrpazckoro Jloma HaydHO-TexHUUecKo# nporarans! (JIZTHTIT), 1982 1.
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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 specialists 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; LV. 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].

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

Puc. 4. Yuactuuku xondpepernuun CMMT-2013
(cneBa HanpaBo: npod. Komkacrnmpos I"E., mpod. Llemenko B.H.,
akagemuk PAH Topeinun U.B., npo¢. Camumues I"A., akanemuk PAH
Pyncxkoit A.1., dapmakosckuii b.B., npod. [Torosuu A.A.)

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. Rudskoi — 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 ofthe physics ofadvanced 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 Sciences
A.A. Popovich — development of mechanochemical 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
technology of chemical-thermal treatment of steels, diffu-

507



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(5):500-508.
Pydckotl A.H1., Kodxcacnupos LE. VicTopusi u coBpeMeHHOe cocTosiHue MeTastypruu B CankT-IleTepGypre

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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RECENT DEVELOPMENT IN POWDER METALLURGY

OF HIGH-ENTROPY ALLOYS
FOR HIGH-TEMPERATURE APPLICATIONS. BRIEF REVIEW
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Abstract. Powder metallurgy of high-entropy alloys has gained significant attention in modern applications due to its low cost and near-net-shape
formability. This overview presents the state-of-the-art research on powder metallurgy of high-entropy alloys for high-temperature applications,
covering basic solid state fabricating processes, phase composition, and advanced mechanical properties recently attained. The analysis showed
that various methods of production and mixing of powder components, including self-propagating high-temperature synthesis, magnesium reduc-
tion, hydrogenation, mechanical alloying, plasma spheroidization, centrifugal plasma sputtering of the bar, and conventional mixing of elemental
powders in high-energy mixers are used to produce powder mixtures. The most common consolidation method is spark plasma sintering, which
allows obtaining compacts with high speed and preservation of fine structure. Also, for the production of long bars and billets, the extrusion of
powder mixtures in shells is used. A key feature of the chemical compositions of billets produced by methods of powder metallurgy are the possi-
bility of obtaining oxide-disperse-strengthened powder compacts, which provides additional hardening at elevated temperatures. The main
elements used in the creation of high-entropy alloys for application at elevated temperatures are the refractory metals. Therefore, in order to reduce
the density of new alloys, compositions with aluminum, titanium, and refractory oxides are being developed. Finally, this review identifies unre-
solved and critical issues in the development of approaches to obtaining high-entropy alloys using powder metallurgy methods for their practical
implementation in modern industry.
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HOBbIE JOCTUXXEHUA B OBJIACTU NOPOLLUKOBOW METANNYPIUN
BbICOKOIHTPONMUMUHbIX CN/IABOB
ANA BbICOKOTEMMNEPATYPHbIX NMPUOXEHUMNA.
KPATKUU OB30P

A. 10. UBannukoB %, B. C. OcynoB

| Uucrutyt Metaanypruu u Matepuajosegenus uM. A.A. Baiixosa PAH (Poccus, 119991, Mocksa, Jlenunckuii mp., 49)

&) aivannikov@imet.ac.ru

AnHomayus. IToponikoBasi METaTyprisi BRICOKOSHTPOITUIHBIX CIUIABOB IIPUBJICKACT 3HAYUTEIILHOE BHUMAaHUE Oilaroapsi CBOCH BBICOKOH TEXHOJIO-
TMYHOCTH M HU3KOH CTOMMOCTH. B 3TOM 0030pe mpecraBieHbl HOBEHIIME UCCIIEIOBAHMS B 00IACTH TOPOIIKOBOH METAJUTypriy BEICOKOIHTPO-
NUHHBIX CIJIABOB, pa3pabOTaHHbIX [yl IPUMEHEHHS IIPH BBICOKHX TeMIeparypax. PaccMarpiBaroTcs OCHOBHBIE MPOLIECCHI MTOTYUCHHUSI TOPOIIKOB
M KOMIIAKTOB M3 HUX, XUMHUYECKHUH 1 (ha30BbIii COCTAB, IFIOTHOCTh, MEXaHMYECKUE CBOMCTBA MPH MOBBIIICHHOH TEMIIepaType, TePMOCTAOUIBHOCTb.
IIpoBenEHHBII aHAIM3 OKA3aJ1, YTO JJIs OJIYYCHHUS TOPOIIKOBBIX CMECEH MPUMEHSIOTCS pa3JInYHbIC METO/IbI ITPOM3BO/ICTBA U CMEILICHHUS ITOPOILI-
KOBBIX KOMITOHEHTOB, BKJIFOYas CaMOPACHPOCTPAHSIONIMNACS BBICOKOTEMIIEPATYPHBIN CHHTE3, MAarHHOTEPMHUIO, THAPUPOBAHUE, MEXaHHYECKOE
JIETUPOBAHHKE, TUIA3MEHHYIO CEepONIU3aLINI0, ICHTPOOSIKHOE PaCIIbIJICHUE NPYTKA IUIa3MOH M TPAAULMOHHOE CMEIICHHUE 3JIEMEHTHBIX TTOPOIIKOB
B BBICOKODHEPIeTHUECKUX cMecuTelsix. Haubonee pacnpocTpaHeHHBIM CIOCOOOM KOHCOMHMIAIMHU SIBISIETCS MCKPOBOE IUIA3MEHHOE CIIeKaHHE,
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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 (RHEASs) 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
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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 RHEASs, 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.


https://www.elibrary.ru
https://www.mdpi.com
https://link.springer.com
https://www.sciencedirect.com
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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 % Al,O,
was used to produce lightweight refractory alloys
based on TaNbVTi. Zong L. et al. [33] used nanoscale
ceramic particles of m-ZrO, to strengthen the refractory
high-entropy alloy NbMoTaW, and in the study [34],
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Fig. 2. Schematic diagram of plasma spheroidization system
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they applied similar reinforcement for the WMoNbTaV
alloy. Similarly, nanoscale Y,0, particles were used in
the study [35]. A new NbTaTiV ODS RHEA containing
0.35 wt. % Al,O, was investigated in the study [25].

Strengthening HEAs with nanoscale refractory
oxides can only be achieved through powder metal-
lurgy methods. The traditional chemical compositions
of HEAs, presented in the Table, replicate their composi-
tions obtained earlier using liquid-phase methods [2; §;
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
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Information on the reviewed studies

HNudopmanus o6 ucciaeroBaHusaX, BKJIOYEHHBIX B 0030p

Author, year

Chemical composition

Powder preparation

Mechanical properties at elevated temperature

Phase composition

Consolidation method

Oxidation resistance/thermal stability

TaNbVTIiAL (x=0, ..., 1.0)

MA (Mechanical alloying)

Specific strength 88.37 MPa-cm’/g, T= 900 °C;

Xiang L. et specific strength 16.03 MPa-cm?/g, T= 1200 °C
al., 2020 [16] BCC SPS gisrﬁa;:.(nzl)asma _
= o — L Jp— L 0/.
e I = o s e
FCC + MeC HP (Hot pressing) -
S | Forst Al Koy o | G (O aomizaton 7=400°C, - 65 GPa
al., 2021 [18] BCC-B2 SPS _
gt o, Coorom on R e o5 160
2021 [19]
FCC HP -
ZhangR.et | ALCrTiMo (x=0.25, ..., 1.00) MA -
al., 2021 [20] BCC SPS Heat resistance at 1000 °C for 7 h
Liu Q.. MoNbTATiV MA 0Nt (7= 1300 i vacwury
2021 [21]
BCC SPS -
T=1000 °C, o = 1978 MPa, specific strength
Peng H. et NbMoTaWV MA 170.51 MPa-cm®/g; 7= 1200 °C, 6 = 1433 MPa,
al., 2022 [22] specific strength 123.53 MPa-cm®/g
BCC + Tetrahedral phase SPS -
Gao F. et al., TiAlV  CrMo MA -
2022 [23] BCC + Laves phases - Retention of nanostructure at 1200 °C
Ujah C. et al., Tiy Al V,Fe Ni Cr MA Mechanical properties higher than Ti64 alloy
2023 [24] FCC + BCC SPS -
Zhang X. et NbTaTiV + 0.35A1,0, MA 6,, =690 MPa (T= 1000 °C)
al., 2023 [25] BCC +ALO, HP -
ilflliozvo;v. CoysNijoFe; CrigAlys MA+CBC specif?c0 ;i::lii’ itzrgri\gt}l)la,l6T7f62018IP(afj cm/g
[26] B2 +BCC +FCC + L1, SPS -
Boztemur B. WNbMoVTaCrAl MA -
et al. 2023 BCC+Ta,vO, + (Nb, Ta)C + SPS Retention of nanostructure at 1150 °C
[27] + WZCO.XS + A1203
Das S. et al., AlCoCuFeNi MA -
2023 [28] FCC +BCC - Retention of nanostructure at 900 °C
Qin M. etal., | Ti-Nb—Mo-Ta—W-Ni—Zr MA -
2023 [29] BCC + Secondary phases SPS Grain size <150 nm after 5 h annealing at 1300 °C
Gao Feet al., TiAIV,, .CtMo MA -
2023 [30] BCCI1 +BCC2 + AlLO, SPS Retention of nanostructure at 1200 °C
Al-Fe—Co—Cr—Ni GA 0,, = 518 MPa (T'= 600 °C)
FuA.etal, Hot extrusion (extrusion
2023 [31] FCC +BCC 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 um.

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, a), 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 um for PREP and 51.8 um 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.

Electrode —_ Rotating [ -
of |o | Inductor electrode B Melting zone
ol )o—1 Anod L s
Molten alloy —| DEI - | Plasma
| Gas jet [ . -
Spray nozzle ] e Engine ]:[tbé\ Cathode
wew +_ .. —
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Ar . \\ Molten droplets Vacuum — - \\ Molten droplets
—1H ‘ He+Ar — R
To filtration To filtration : >\ .
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Powder container

a
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Fig. 4. Schematic diagrams of EIGA (a) and PREP (b) systems
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A combination of magnesiothermy and SHS was
applied in the study [49]. The authors used a powder mix-
ture of WO,, Nb,O,, Ta,0, and MoO;, 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 H, 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
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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 (W, /Ta;.Mo Nb .),.Nig
(14.55 g/cm?®) [58] and equiatomic RHEA NbMoTaWRe
(14.36 g/cm?) [49], due to the presence of W, Ta, Nb, Mo,
and Re. The lowest density, 5.98 g/cm?, was obtained for
the HEA TiAlV, .CrMo [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
TaNbVTiAl , exhibits exceptional specific strength
both at room temperature (207.11 MPa-cm’/g) and
at high temperatures (88.37 MPa-cm?®/g at 900 °C and
16.03 MPa-cm?/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 s7!. 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)O, 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. % Al,O,,
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 evaluate 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. However,
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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ASSESSMENT OF THE EFFECTIVENESS OF TECHNOLOGICAL MEASURES
TO EXTEND THE CAMPAIGN OF BLAST FURNACE NO. 5
OF PJSC SEVERSTAL (2006 — 2024) BASED ON AN EXAMINATION
OF ITS WORKING SPACE DURING A FIRST-CATEGORY OVERHAUL
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IPJSC Severstal, Cherepovets Steel Mill (30 Mira Str., Cherepovets, Vologda Region 162608, Russian Federation)
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3 Scientific Council on Metallurgy and Metal Science of Russian Academy of Sciences (Department of Chemistry and Material
Sciences) (32a Leninskii Ave., Moscow 119991, Russian Federation)
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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 Al,O, 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/m? 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

For citation: Kal’ko A.A., Leont’ev L.I., Volkov E.A. Assessment of the effectiveness of technological measures to extend the campaign of blast
furnace No. 5 of PJSC Severstal (2006 — 2024) based on an examination of its working space during a first-category overhaul. [zvestiya. Ferrous
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OUEHKA PE3YIbTATUBHOCTU NPUMEHEHMUA
TEXHO/IOTMYECKUX MEPOMPUATUIA NO NPOANEHUIO KAMNAHUU
AOMEHHOM NEYU Ne 5 MAO «CEBEPCTANb» 2006 — 2024 rT.
nPU UCCNEAOBAHWUU EE PABOYETO NPOCTPAHCTBA
B NEPUO NPOBELJEHUA KANUTAZIbHOTO PEMOHTA | PASPAAA

A. A. Kanbko!®, JI. U. JleouTseB> 3, E. A. BosikoB!

'TTAO «CeBepcrannby» Uepenosenxuii Meraarypriudeckuii komGuuar (Poccus, 162608, Bonoroackas obmnacts, Yepenoser,
yi1. Mupa, 30)

2TleHTpaJbHBIN HAYIHO-MCCIETOBATENHCKHIT HHCTHTYT YepHoii Metaiurypruu um. WLIL. Bapauua (Poccus, 105005, Mocksa,
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AHHomayus. B paGote npeacTaBieH ObIT U3yueHust pabodero npocrpanctsa goMenHoi neun Ne 5 [TAO «CeBepcraiiby» 10 pe3yabTaTaM KaMIaHuH

2006 — 2024 rr. mpogoKUTENBHOCTEIO 17,46 JIET, CyIeCTBEHHO MPEBBICUBIIECH HOPMATHBHBIE CPOKH SKCIITyaTalliy. BeIoHeHa OneHKa pe3yib-
TaTUBHOCTH TEXHOJIOTMYECKUX MEPONPUSTUH 10 NMPOJICHHIO KaMIaHUM JIOMEHHOW IedH, NPUMEHSBIINXCS JUIS 3al[UThl OTHEYNOPHOU (yTe-
POBKH B KPUTHYECKUX 30HAX TOPHA, HIKHEH YacTH IIAXThl M BEPXa 3aIUICUYMKOB. ABTOPBI IIPOBENN aHAIN3 OCTATOYHOHN TOJIIMHBI OTHEYHOPHOM
(yTepOBKHU LIAXThI, TOPHA U METAJIONPUEMHHMKA JTOMEHHOH nevyu, chopMHUpOBaIn KapThl (PAKTHUECKOro pasrapa OrHEYNOpPHOH (yTEepOBKH IO
Pa3IMYHBIM CedeHHsIM. V3MepeHHbI MaKCUMAJIBHBIH M3HOC OTHEYHNOpPHO# (yTepoBKH miaxThl coctaBmi 344 MM win 37,4 % nepBoHAYaIbHOM
BEIIMYMHBI, U3MEPEHHbIH MaKCUMaJbHBII pasrap yrepoaucTbix 0J0KOB B paifoHe BIrpeOHbIX npoeMoB — 313 Mm uimn 23,4 % nepBoHaYaIbHOTO
paszmepa Groka. B BepxHel 4acTH ropHa MHHMMAaJIbHas OCTATO4HAs TONIMHA OTHEYNOPOB ¢ conepskanueM Al,O, =43 % cocrasuna 220 MM uin
31,9 % ucxonnoit BenuunHsl. [Ipencrasnensl crnocoObl 6€30MaCHOrO AUCTAHLMOHHOTO M3MEepeHus (GakTuueckoro npoduis MaxThl JOMEHHOH
MeYH C MOMOIIBIO JlazepHoro 3D ckaHUPOBaHUS B IpOLECce BHITPEOKH OCTATKOB IIMXTOBBIX MaTepuasioB. Bpems BbimonHenus 3D ckanupoBaHus
B paboueM npocTpaHcTBe edn coctaBuiio 50 MuH. B pabore npoBesieH cpaBHUTEIbHBIH aHAIN3 (PaKTHUECKOH 0CTaTOUHOM TOIIMHBI (PyTEpOBKU
B paiioHe yIIepOAUCTHIX OJOKOB TOpHA U JICIIAH M BHICOKOIIIMHO3EMHCTBIX OTHEYNOPOB (h)ypPMEHHOMH 30HBI C pe3y/IbTaTaMU OLIEHOK C HCIIONb-
30BaHMEM TEXHOJOTHH YJIbTPa3ByKOBOIO 30HIMPOBaHHS 9X0-MeTooM (AU-E), BBINOIHABIIMXCS B IIepuo paboThl 1oMeHHOM neun. [Ipuseneno
OIMCAHNE TEXHOJIOTHH PACIIPOCTPAHEHUS BOJIH HANPSDKCHHS C HCIOIb30BaHUEM aHAIN3a JaHHBIX B BPDEMEHHOM M YaCTOTHOM JIOMEHE JUIsl OIIpe-
JIeJIeHHs] TONIIMHBL (PYTEPOBKU MM JUIsi OOHAPYKEHUSI aHOMAJIN. ABTOPBI IPOBEIIM CPABHEHUE PE3YJIBTATOB MPEAbLYIISH U TeKylel KaMInaHui
JIOMEHHOH Ie4H 110 00beMy MPOU3BEACHHOTO YYT'yHA, KOJIMYECTBY BBIIISAIIMX H3 CTPOS SIEMEHTOB CHCTEMBI OXJIAXK/ICHHS, U3HOCY OTHEYIIOPOB I10
BCEMy paboueMy MpOCTPAHCTBY JOMEHHO neyn. CyMMapHOe IPpOU3BOJCTBO YyryHa B kKamnanuu 2006 — 2024 rr., OTHECEHHOE K IIJIOIIA/IU TOpHa,
cocrauiio 420,0 Teic. T/M? U IIPEBBICUIIO TTOKA3aTeNb pebLLyIeil kamnanu B 1,90 pasa.

Kntouesslie cnoea: nomennas neus, 3D ckaHEpOBaHNE, OCTATOYHAS TONIIMHA (PYTEPOBKH, pasrap ropHa, IpOf0/LKUTEIbHOCTS Kammanuu, [IAO «Cesep-

CTajby, TOPH, [IaXTa, TOTePMaH, IPOMBIBKA TOPHA, TapHHUCAKE00pa30BaHKe, YACIbHBII PACX0/] IPUPOIHOIO ra3a, pacxo TBEPAOro TOIUINBA Ha TOHHY
YyTryHa, YIBTPa3ByKOBOE 30HIUPOBAHIE HX0-METOIOM, JKEJIe30PYAHbIC MaTepHaIbl, KOKC, mokasarerb CSR

Jaa yumupoeanus: Kanskxo A.A., Jleontses JL.U., Bonkos E.A. Onenka pe3ynsTaTHBHOCTU IPUMEHEHHS TEXHOJIOTHUECKUX MEPOIPUSITHIA 110 IPo-

JuieHHto Kammnanuu gomenHoi medn Ne 5 TTAO «Cesepcranby 2006 — 2024 1. ipu Mccie0BaHUH ee pabovero MmpoCTPaHCTBa B MIEPUOJ POBEIe-
HUS KaUTaIbHOTO peMoHTa | paspsina. Mseecmus 6y306. Yepnas memannypeus. 2024;67(5):520-530.

https://doi.org/10.17073/0368-0797-2024-5-520-530

- 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 Severstal, imposing strict time
constraints on the repair schedule and the duration of any
studies aimed at extending this timeframe. Based on this
premise, it was decided to minimize human presence
during 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 sciences,
forensic analysis, and engineering. Photogrammetry and
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geodesy, being engineering disciplines with the highest
accuracy requirements, have recently driven significant
improvements in this measurement technology, 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,

1

Scanning station "~ .- . _» &
on the throat

Scanning station
in the cesspool

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

Puc. 1. O6umii BUI pe3yJIbTaTOB CKAHUPOBAHKSI BHYTPEHHETO
npoctpancTsa JII1 Ne 5 ¢ yka3zaHneM pacrionoXeHns CTaHINI
CKaHHUPOBAHUS
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Table 1. Actual wear of the refractory lining in the shaft of blast furnace No. 5
by sections of diametrically opposite iron tapholes

Tabauya 1. @akTHYeCKHii H3HOC OTHEYNIOPHOIi (pyTepoBku maxrtel JIT Ne 5
10 CeYEeHUAM IMAaMeTPAIBLHO NIPOTHBOIO/I0KHBIX JIETOK

Measurements across the diametrically opposite tapholes, mm
Height, mm diarlr?:ts 1rg nmm iron tapholes | iron tapholes average residual dev1at1(')n Sl CRTE] refractory
- -3 2-4 diameter at the height diameter . lining wear
(actual vs. design)
+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

+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.

Iron taphole No. 4

Iren taphole No. 1

/
Iron taphole No. 3

Iron taphole No. 2

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

Puc. 2. TIpumep u3MepeHHs AnaMeTpa BHYTPEHHETO IPOCTPAHCTBA
JIIT Ne 5 Ha otmetke +43 900 MM (KOJIOIIIHUKOBASI 3QII[ITa)
C TIPHUBS3KOH K PACHOIIOKECHUIO YyTyHHBIX JIETOK
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350 :
300 y=310"x~0.1645x +2777.9
2
R =0.8521
250 °

200
150
100

Average lining
wear, mm

50 | | | |

32,000 34,000 36,000 38,000 40,000 42,000

Height, mm
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

Puc. 3. VI3mMeHeHue (haKTHYECKOH BETMYUHBI H3HOCA OTHEYOPHOU
(byTepoBKH (HEOXJIaXAaeMasl 4acTh) B 3aBUCHMOCTH OT BBICOTHOM
ormerku mwaxtsl AIT Ne 5 o pesynbraram kamnanuu 2006 — 2024 rr.

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 levels,
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 —20006), 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 (4 — B) 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 coolers.
The broken line (C—D-FE-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
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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 damaged 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

Puc. 4. Cocrosinue orHeynopHoit ¢pyrepoBku B maxrte 1T Ne 5
1o pesyabraram kamnanuu 2006 — 2024 rr., ox1axaaemas 4acTb
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—the development and application of methods dur-
ing the current campaign for the effective distribution
of various 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.

[l 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-
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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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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;
T1, T2, ... T16 — 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

Puc. 5. Kapra pacriosokeHus BBITPEOHBIX IPOEMOB B TOPU3OHTAILHOM ceueHnu ropHa JIIT Ne 5:
BFP — xounseiiep nomennsiil; DC — pacnonoxxenue neiteynosurenst; GU 1, GU 2, ...GU 8 — npoeKIuy pacronokeHus ra300TBOI0B;
T1, T2, ...T16 — npoekuuu pacroioKeHHUs TePMOIIap U3MEPEHHs TeMIIepaTypbl epr(epritHbIX ra3oB;
IT No. 1, IT No. 2, ...IT No. 4 — pacronoxeHre IyTyHHBIX JIETOK
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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 + 9-5 = 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-
pondstotheareabetweentuyeres 22and 23(9/2 + 9 = 13.5°
and 9/2+9+9=225° 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 + 9-5 =
=49.5° and 9/2 + 9-6 = 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

89.8888-160/7.4677 = 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 create 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-
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Fig. 6. Example of using the Visio tool to determine the residual
linear size of a carbon refractory block (segment 4 — B) by scaling
the known thickness of a cast iron stave (segment C — D)

Puc. 6. Ilpumep nprMeHeHUsI HHCTPyMeHTa Visio JJisl onpe/ieeHus
0CTaTOYHOTO JMHEHHOTO pa3Mepa yIIepoOJHCTOr0 OMHEYIIOPHOTro OIoKa
(otpe3ok A — B) ciocoboM MacTaOMpOBaHHs H3BECTHOM TOJIIMHBI
TOPHOBOTO XonoanibHUKA (oTpe3ok C — D)

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

Tabauya 2. @akTHYECKHii N3HOC YIJIEPOAMCTHIX OTHEYNOPHBIX 0/10koB ropHa JIIT Ne 5
B paiioHe HMZKHEro BHITPEOHOI0 IpoeMa Mekay Bo3AyIHbIMH pypmamu 32 u 36
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o Block to the left of the cesspool Block to the right of the cesspool Average value across
area of tuyere area of tuyere the width of the cesspoo
Dl f 3 f 32 he width of th 1
block length : : : :
(per design), Tl s erosion R erosion residual erosion
- (at the bottom edge mm ’ (at the top edge mm ’ thickness. mm mm ’
of the block), mm of the block), 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
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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

Puc. 7. IT'padudeckoe n3o0paxkeHne TUHAI (aKTHISCKOTO pa3rapa OTHEYIOPHOH (hyTEepOBKH roOpHA U JICIa (i B CPABHEHHHU C JaHHBIMU
YIBTPa3BYKOBOTO 30HAMpoBaHus MetojioM AU-E B paifonax BepxHero (a) 1 HIKHEro (b) BBITPeOHBIX IPOEMOB:
1 — Tommuuna obHapyxkeHHoit Mmerogom AU-E ocratouHoit hyTepoBku;
2 — tonmuHa oOHapysxeHHON MeToioM AU-E u3mMeHeHHOH (yTepoBKH/TapHHCaKa,
3 — dakTHueckas TMHUS pa3rapa OrHeyNopHOil GyTepoBKH, OOHAPYKEHHAS IIPU MPOBEICHHN KAaIUTAaIbHOTO PEMOHTA

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 % Al O,, 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.
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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].

ShPD-41
ShPD-43

211,200

Actual wear line
of the refractory lining
according to Table 1

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-

Blast furnace axis

Tuyere axis
(40 units)

Actual erosion line
of the heart lining according {
to Table 2 (area of tuyere 36) :

216,500

215,100

Iron taphole axis (4 units)

Actual erosion line
of the heart lining according
to Table 2 (area of tuyere 32)

alamander-drain hole

.._.._.._.____.‘____

elevation + 6000 mm)

alamander-drain hole
| (clevation + 5500 mm)

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

Puc. 8. Kapra daxkruueckoro pasrapa ¢yreposku JI1 Ne 5 o 3aBepiienuto kamnannu 2006 — 2024 rr.

528



1ZVESTIYA. FERROUS METALLURGY. 2024;67(5):520-530.
Kal’ko A.A., Leont’ev L.1, Volkov E.A. Assessment of the effectiveness of technological measures to extend the campaign of blast furnace No. 5 ...

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 (4)
to the saturation content (S,) 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/m?, exceeding
the previous campaign’s figure of 220.6 thousand tons/m?
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.

[ ConcLusiOoNs

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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A STUDY ON PROCESSING OF BLAST FURNACE DUST AND SLUDGE
USING REDUCTION ROASTING AND MAGNETIC SEPARATION
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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
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UCCNEQOBAHUE NPOLLECCOB NEPEPABOTKU
AOMEHHbLIX NbiZIU U WNAMA C UCNMOJIb3OBAHUEM
BOCCTAHOBUTE/IbHOTO OBXXWUIFA U MATHUTHOIA CENAPALUU
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AnHomayus. [Tbut 1 1U1aMbl JOMEHHOTO IIPOM3BO/ICTBA — TEXHOT€HHBIE MaTePUaIbl C BRICOKMM COJEPIKAHMEM XKejle3a U yIIIepo/ia, B KOTOPBIX IPUCYT-
CTByeT Taioke HMHK. [I0BBIICHHOE COoepKaHKe [IMHKA MPEISTCTBYET UX PELMKINHTY B alJIOZIOMEHHOM HEpeielie U IPUBOAUT K HAKOTICHHIO 9THX
MarepuasoB B OTBajax. B Hacrosmeil paboTte MccieoBaHbl pa3inyHble BAPHAHThI IepepaboTKi 00pa3ioB gomeHHoi nbutd (JI1) nu nomeHHOro
nutama (/L) ¢ u3BieYeHHeM IIEHHBIX JIEMEHTOB Ha OCHOBE BOCCTAHOBHUTEIBHOTO OOXKHMIa U MarHUTHOM cenapaiui. C MOMOIIBI0 TePMOINHA-
MHYECKHX PACUETOB U JIAOOPATOPHBIX SKCIIEPUMEHTOB U3YUEeHbl TP BApHAHTA Peal3aliMi 9TOro crocobda: MarHUTHas cenapanus 6e3 npeapapu-
TEIBHOTO 00XKHTIa, a TAKKE CO CTAIUSIMH 00XKHIa C BOCCTAaHOBJICHHEM kele3a 10 Maraetuta npu 800 °C u merauinyeckoro xenesa npu 1200 °C
cootBeTcTBeHHO. CriocoObI NPsIMOi MarHUTHO# cemnaparu 0e3 o0xura u ¢ npeaapuTeabHbiM 00kuroM mnpu 800 °C 103BOJISIOT MONYYHTh U3
o6pasuos JI1 u I marauTHbIe KoHIEHTpaTHI ¢ 49 — 63 % Fe, HO comeprkaHue IIMHKA B HUX OCTaeTCs HOBBIICHHBIM. JIydIie pe3yasTaTsl Obln
MOJIyYeHbI C MCHOIb30BaHUEM BOCCTaHOBUTEIbHOTO oOxura npu 1200 °C npogomkutensHOCThI0 120 MUH, HOCIEAYIONIEro pa3moiia 00pasios
10 —0,054 MM ¥ MarHMTHOM cenapauuy npu UHAyKuud Marautaoro noiust 0,1 Tn. B pesynsrare us JILI, copepxxamero 39,5 % Fe n 0,31 % Zn,
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MOJTy4eH METaJUIM30BaHHBI MarHUTHBIH KOHIEHTpAT ¢ cozepxanueM 73,8 % Fe n 0,048 % Zn, a uz I, conepxarueit 44,6 % Fe u 0,31 % Zn —
METaJIN30BaHHbIA MarHUTHBIA KOHLEHTpaT ¢ coaepkanneM 80 % Fe u 0,019 % Zn. Crenens nusneyeHus xenes3a B konuentpar s JUI u JI1
cocraBuia 92,8 u 89,7 % coorBercTBeHHO. [IpeayoKeHHBIN MOIX0/ MO3BOJSET MOJIy4YaTh IIEHHBIE MaTepualbl JIs YEPHOH M I[BETHON MeTall-
JIYPTHH U3 TEXHOTGHHOTO CHIPbSI, YBEIUYUTh 3 (PEKTUBHOCTH arJIOOMEHHOTO Tepeielia U N30eKaTh HaKOIJICHHS! OTXO/IOB.

Kawuessle cnosa: JOMCHHAA IIbLIb, JIOMEHHBII IaM, nepepa60TKa, BOCCTAaHOBUTEIJIbHBIM 06}1(1/11", MarHuTHas cerapanusi, Kap60TepMquc1<oe BOCCTa-

HOBJICHUE, JKEJIE30, IIMHK
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[ 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.
Additionally, 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 hydrometallurgical, 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 contrast, pyrometallurgical methods based on zinc
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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
(Lipetsk, Russia). Chemical analysis of the samples was
carried out using a PANalytical AXIOS™X 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
CuK radiation, while the magnetic separation products
were analyzed with a Difrey diffractometer (Russia)
using CrK 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 Fe  and the sum
of Fe_  and Fe*".
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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 samples 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 (299.6 % N,
and <0.4 % O,) 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:

mC

v, =100 %; (1)
my
Y, :%100 %; )
0
o
g, :mloo %o A3)
my,% Fe,
%F
LRI )
my% Fe,
% Fe ) men)
=——100 %; 5
Mo % Fe, 0 (%)
i, :%Feﬂloo %: (6)
% Fe,
m.% Zn
=|1-——"+"1100 %, 7
e L

where y, and v, is yield of magnetic and non-magnetic
fractions, respectively, %; m, is initial mass of the samp-
les for magnetic separation, g; m_, and m, mass of mag-
netic and non-magnetic fractions obtained after magnetic
separation, g; €, and ¢, is iron recovery in the magnetic
and non-magnetic fractions, respectively, %; % Fe, is
total iron content in the initial samples for magnetic
separation, wt. %; % Fe_and % Fe, is total iron content
in the magnetic and non-magnetic fractions, respec-
tively, wt. %; p, and p_ is iron metallization degree in
the initial samples for magnetic separation and magnetic
fraction, respectively, %; % Feo(met) and % Fec(met) is
metallic iron content in the initial samples for magnetic
separation and magnetic fraction, respectively, %; &, is
zinc removal degree during roasting, %; % Zn_ and
% Zn  is zinc content in the roasted and initial samples,
respectively, wt. %; m_and m  is mass the roasted and
initial samples, 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 NH,CI + NH,OH. A 0.5 g sample
was placed in a conical flask containing 50 ml of the solu-
tion prepared by dissolving 22 g of NH,CI in a mixture
0f80 mlof NH,OH (density 0.9 g/cm?)and 120 mlofwater.
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 elevated 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 (Fe?*) constitutes 6.1 and
7.7 % of the iron in BFS and BFD, respectively, while
metallic iron (Fe__ ) 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-

T =<

Intensity

Intensity

26, deg

Fig 1. XRD patterns of BFS (a) and BFD (b):

H — hematite (a-Fe,0,); M — magnetite (Fe,0,); C — calcite (CaCO,);
G — graphite (C); Q — quartz (SiO,); I —iron (0-Fe); W — wustite (FeO);
E — ettringite (Ca,AL(SO,);(OH),,-26H,0); D — diopside (CaMgSi,0O);

P — periclase (MgO); Z — zincite (ZnO); S — gypsum (CaSO,-2H20)

Puc. 1. Tuppaxrorpammet LI (a) u A1 (b):
H — remarur (a-Fe,0,); M — marnerut (Fe,0,); C — kanbuur (CaCO,);
G — rpagur (C); Q — ksapu (Si0,); I - xeneso (o-Fe);
W — Brocrur (FeO); E — srrpunrut (Ca Al (SO,),(OH) ,-26H,0);
D — nmoneun (CaMgSi, 0y ); P — nepuknas (MgO); Z — nunkur (ZnO);
S - runc (CaSO,2H,0)

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

—BFS: 4427Fe,0;; 9.94Fe,O,; 120Fe; 21.43C;
0.29 ZnO; 1.15 MgO; 6.11 Si0,; 0.93 CaSO,; 13.12 CaCO,;

0.60 ALO,; 0.26 ZnFe,0,; 0.21 Ca(OH),; 0.16 AL (SO, );;

23> 24>
— BFD: 46.86 Fe,0,; 14.32 Fe,0,; 1.42 Fe; 14.97 C;
1.67 CaMgSi,O;

0.07 ZnO; 1.01 MgO; 5.75 Si0,;
11.91 CaCO;; 0.81 CaSO,; 1.11 ALO;.

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

Tabauya 1. Xumuveckuii coctaB oopasuos I u JI1, mac. %

Waste Fe | Zn | Al | Ca | Si | Mg| K | Mn | Cr | Cu Ti P Pb | As S ©
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
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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, ¢). 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 °C.

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 Fe,0, 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-
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tent of metallic iron decreases due to its oxidation during
the roasting. The degree of zinc removal in these samples
is negligible, with only a slight change in the ZnO content.

After theroasting 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
graphite. 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
sample. 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.

0.5
ZnS b
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Fig. 2. Equilibrium amounts of graphite and iron compounds (a, ¢), as well as zinc compounds (b, d)
in the BFS (a, b) and BFD (c, d) at 300 — 1400 °C

Puc. 2. PaBHOBeCHbIE KOJIMYECTBa rpa)uita U COCAUHEHNUIT Kelne3a (a, ¢), a TakiKe coeAnHeHni uHKa (b, d)
B AL (a, b) u AI1 (¢, d) npu 300 — 1400 °C
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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

Tabauya 2. Xumuveckuii coctas AL u 11 u npoaykroB ux o6:xura npu 800 u 1200 °C,

a TaKiKe CTeNeHb YIaJeHUsl U3 HUX IMHKa

Initial . i Content, wt. % Znremoval | Fe metallization
e Roasting conditions Fe, Zn. | Zn,. degree (2,), % | degree (), %
No roasting 39.48 | 0.310 | 0.230 - 3.03
800 °C, 30 min 41.16 | 0.320 | 0.210 1.0 2.03
BES 1200 °C, 120 min 59.18 | 0.030 | n/d 93.2 90.4
1200 °C, 120 min, + 15% C | 49.26 | 0.023 n/d 93.5 88.4
No roasting 44.56 | 0.060 | 0.055 - 3.19
BFD 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% C | 58.02 | 0.023 n/d 68.2 96.2
Note: n/d —no data.

Table 3. Yield, recovery degree and content of Fe and Zn in magnetic and non-magnetic fractions obtained
from BFS and BFD using magnetic separation, as well as roasting at 800 and 1200 °C followed by magnetic separation

Ta6auya 3. Beixon, cTeneHb U3BJIedeHUs U coaep:xkanue Fe u Zn B MArHUTHOM U HEMATHUTHBIX pakumsx,

nojydeHHbIX 3 JIII u JII1 MarHuTHbIM, a TaK:Ke 00:KUT-MArHUTHBIM MeToAaMu ¢ o0:xkurom npu 800 u 1200 °C

Fraction (fefgizzczze:;}; Content Fe
. . . . . N
. Magnetic yield (y), % Reradten (6 % in the fraction, wt. % metalhza‘Flon
Roasting . degree in
Waste i, separation .
conditions conditions magn. non- magnetic
magn' HI:;);II-I magn. 111’11;);11-1 magn' fraCtlon
o o )
Fetot /n Fetot (u, C)’ %
. 0.1T,-lmm | 3530 | 58.90 457 | 5030 | 51.1 | 0.260 | 33.70 9.34
No roasting
0.1 T,-0.054 mm | 33.40 | 62.80 527 | 4550 | 623 | 0210 | 28.60 8.42
0.1T,~lmm | 79.50 | 17.90 97.3 2.05 514 | 0390 | 4.73 9.62
800 °C, 30 min
BES 0.1 T,-0.054 mm | 63.80 | 32.30 94.6 3.45 61.0 | 0.430 | 4.40 8.25
0.1T,~l mm | 8420 | 14.00 90.8 1.91 63.8 | n/d 8.04 94.60
1200 °C, 120 min
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,| 0.1 T,—-1mm | 8520 | 13.60 90.0 3.68 520 | n/d | 13.30 89.50
+15%C 0.1 T,-0.054mm | 63.30 | 36.20 84.2 8.69 65.6 | 0.048 | 11.80 88.70
. 0.1T,-l mm | 62.00 | 38.70 683 | 2620 | 49.1 | 0.120 | 30.20 9.80
No roasting
0.1 T,-0.054 mm | 45.60 | 50.80 63.4 | 3500 | 63.0  0.070 | 28.60 8.08
0.1T,~l mm | 80.00 | 21.50 92.1 1.73 52.9 | 0.080 | 3.70 9.01
800 °C, 30 min
BFD 0.1 T,-0.054mm | 71.20 | 22.80 92.6 5.74 61.0 | 0.100 | 11.60 7.97
0.1T,-lmm |91.40| 886 97.2 2.18 68.7 | n/d | 15.80 89.00
1200 °C, 120 min
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,| O-1T,~Imm | 8580 | 13.50 96.8 2.16 65.5 | n/d 9.31 93.10
+15%C 0.1T,-0.054mm | 65.00 | 31.50 89.7 7.85 80.0 | 0.019 | 14.50 92.30

Note: 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, ¢).
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. %

Tabauya 4. XuMHUYeCKU COCTAB MATHUTHBIX KOHUEHTPATOB, nosy4eHHbIX w3 I u AIT nyrem
BOCCTAHOBHUTEJHHOI0 00;KMTa U MATHUTHOI cenapanuu
(00zxur 1200 °C, 120 mun; pazmoua —0,054 mm; maruutHas cenapamus npu 0,1 Tor), mac. %

Non-magnetic tailings

G
I H T

AN
TRRAT G

Magnetic concentrate

Y 1

H M N H H Y
> TGTYTHHAYN T T M
£ M A O ACMARR \ Tu M/WR A A H
v
=
38 G
=
k=i

20, deg

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 - (a-Fe); H — hematite (a-Fe,0,); Y — maghemite (y-Fe,0,);
M —magnetite (Fe,0,); G — graphite (C); A — okermanite (Ca,MgSi,0,);
T — gehlenite (Ca,AlSiO,); R — merwinite (Ca;MgSi,0,);
V —anorthite (CaAl,Si,0,); C — calcite (CaCO,); N — cementite (Fe,C)

Puc. 3. ludpakrorpaMMbl MAarHUTHOTO KOHLIGHTPATa 1 HEMArHUTHBIX
xBocTOB, nonyueHHbIX u3 [ (a) u 11 ¢ npucankoii 15 % C (b)
0OKUr-MarHUTHBIM MeTotoM (oOkur 1200 °C, 120 muH;
pa3mon —0,054 mm; MarnuTHas cenaparus npu 0,1 To):

[ - (a-Fe); H — remarur (0-Fe,0,); Y — marremur (y-Fe,0,);

M — maruerur (Fe,0,); G — rpadur (C); A — okepmanut (Ca,MgSi,0,);
T — renenur (Ca,ALSiO,); R — mepsunut (Ca,MgSi,0,);

V — anoprur (CaAl,Si,0,); C — kanbuur (CaCOj);

N — nementur (Fe,C)
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. Content, wt. %
Initial sample :
Fe Zn Al Ca Si Mg P

BEFS 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
I B concentrate and tailings obtained from the BFS and BFD

samples shows only slight differences.

Magnetic concentrate After the roasting and magnetic separation under
y | the conditions above, the magnetic concentrate with low
Toopyr B N £y zinc content can be recycled as part of the sinter burden.
%‘ A g soRmeA Tu R A AL M The zinc-containing sublimate obtained during the reduc-
§> G 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 % Fe  >88, % Fe_  >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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MINERALOGICAL AND GRANULOMETRIC COMPOSITION
OF SOILS FORMED ON THE SURFACE OF IRON ORE TAILINGS DUMPS
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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
mineralogical 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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MWHEPANOTrMYECKUIA U TPAHYNOMETPUYECKUIA
COCTABbI NO4YB, POPMUPYIOLLNXCA HA NOBEPXHOCTU
MENE3OPYAHbIX XBOCTOXPAHUNNLL
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AnHomayus. OGBEKTOM HCCIEOBAHUS SBISIFOTCS] THAPOOTBAIBI CKIaANPOBAHNUSI OTXOJ0B MEPBUYHOTO U BTOPHYHOTO OOOTAIICHHUIT KEIEe3HOM PyIIbI
(XBOCTOXpaHMIIHILA). B X071 Hccie[0BaHNUs IOy YCHBI JaHHBIE MUHEPAJIOTHYCCKOTO COCTaBa 00pa3oB IOYBOOOPasyOIIeH TOPOIbI TEXHOTCHHBIX
nmaumagToB. PaccMaTprBaeMslil MOKa3arelb SBISIETCS OMHAM M3 OCHOBHBIX (DaKTOPOB TTOYBOOOPA30BAHMS NP M3YUCHHUH JIUTOIOTHH Ha Goiee
HH3KOM HEPapXUYECKOM ypoBHE. MUHEPATIOrHYECKHI COCTaB OKa3bIBACT BIMSHHUE HA COICPIKAHNE M COOTHOIICHUE B ITOYBAX DJIEMEHTOB ITUTAHHS
U TOKCHKAHTOB, MPOLIECCH HOHHOTO 0OMEHa, YCTOWYMBOCTD TI0YB K Aerpagalui u obmee mwiogopoane mous. OH SIBISETCS MaTpuiei GopMupo-
BaHUsSI TI0YB M PETYJIUPYeT TpaHCHOPMAIHIO, MUTPALIMIO U aKKYMYJISIIIMIO B MIOYBE BEIICCTB, SHEPIHU U MH(POPMAIMH BHEIIHEH Cpe/Ibl U aHTPO-
MOTEHHOTO BO3MCHCTBUS. [ MAPOHAINBHOM CIOCO0 CKIAAMPOBAHMSI OTXOIOB OKAa3bIBACT BIHMSHHE HA MPOCTPAHCTBEHHOE PACIIPEICIICHHE Mare-
puana B XBOCTOXpaHWIHIIAx. [Ipexae Bcero BbIIEIACTCS KOHTPACTHOE CIOKECHHE TI0 FPaHYJIOMETPHICCKOMY COCTABY M3-3a OCAXKICHMS YaCTHUIL
B BOJIHBIX YCIIOBHSIX IO ICHCTBUEM TPABUTAMOHHOTO 1105151, CKOPOCTH OCa)KICHMUS 3aBUCUT OT MACCHI, pa3Mepa, (OPMBI U MIIOTHOCTH BEIIECTBA
YACTHII, BSI3KOCTH W IJIOTHOCTH CPEJIbl, & TAK)Ke OT YCKOPEHHMs, CHJIbI TSHDKECTH M JCHCTBYIOIIMX HA YaCTHIBI IIEHTPOOSKHBIX cuil. HecMmorps
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Ha 3HAYMTEJIbHOE KOJUYECTBO MCCIIEIOBAHUMN 10 BIMSIHUIO MHUHEPAJIOIrHYECKOro CoCTaBa Ha PasBUTUC 110YB, JaHHAA npoGneMa H3y4cHa HEIO0CTa-
TOYHO. DTO OonpencysieT OTCyTCTBUEC 06IHerI/IH}ITI>IX Tokasareneit CKOpPOCTH pa3BUTHSA I10YB, q)OpMI/IpyIOHH/IXCSI Ha TEXHOI'CHHOM MHWHCEPAJIbHOM
cy6CTpaTe, 1 CTCIICHU HAKOIUICHUA B TAKUX IMOYBaX 61/[0(1)I/IJ'IBHLIX DJICMCHTOB.

Kniouesvle cn108a: MuHEpaIorHueckuii cocTaB, OYBOOOPA3YOIINE MOPOJIBI, XBOCTOXPAHUIIUIIE, TIOUBBI TEXHOTCHHBIX JIAHIMA(TOB, rPaHyIOMETPH-

YeCKHUU COCTaB

s yumupoeanus: benanos V.I1., lumosa A.M., Mesenuesa O.I1. Munepanoruueckuii 1 TpaHyJIOMETPHYECKHUN COCTaBBI 1TOYB, (POPMHUPYIO-
LMXCSl Ha TIOBEPXHOCTH JKEJIC30PYIHBIX XBOCTOXpAHWIHNIL. M36ecmust 6y306. Yepnas memannypeus. 2024;67(5):542-548.
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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 Metallurgical
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 sintering 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°13"28.90" E86°16'04.01") and the Abagur benefi-
ciation and sintering plant (secondary) (N53°42'11.95"
E87°14'12.50").

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 / 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 studied
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-
racteristics 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-
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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 heterogeneity
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 sedimentation
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

I'panynomerpuyecknii cocTaB IIAMOB XBOCTOXPAHMIUIIL

Particle size distribution, %, diameter, mm
i - %) 78] — 2 = e =
e Prsdominnt sfl 3188|535 |g|2E|i¢
zone S| 5|9 | =z|3|S3|82| %3
— S S S P EYL | £Y
Hydraulic dump of the Mundybash Beneficiation Plant
w E. initial 2331 | 4235|2477 | 341 | 463 | 1.52 | 9.6 | 904
1 E. organo-accumulative 042 | 6.60 | 6552 | 10.15 | 13.32 | 3.99 | 27.5 | 72.5
i E. turf 394 | 19.67 | 36.42 | 14.55 | 20.20 | 5.21 | 40.0 | 60.0
1 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
w E. initial 22.67 | 3341 | 19.61 | 8.96 | 12.44 | 291 | 243 | 757
1 E. organo-accumulative 2891 | 16.40 | 26.03 | 9.11 | 1423 | 532 | 28.7 | 713
yiig E. organo-accumulative gley 4.10 0 25.54 | 28.42 | 34.65 | 7.30 | 704 | 29.6
1 E. organo-accumulative gley 0.96 0 26.05 | 27.35 | 36.94 | 8.71 | 73.0 | 27.0
Note. E.— Embryozem; / — Core Zone; /I — Near-core Zone; II] — 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; pyroxene
fragments 1.0 — 1.5 mm and smaller (about 1-35 %).
Goethite presents as a secondary mineral, albeit rarely.
The mineralogical composition in the main zone of the
tailings dump is identical to that of the mouth zone, although
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 (Iess 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 xeromesophytic/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 minerals
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 minerals,
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 variety
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-
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tioning of the hydraulic dumps from iron ore beneficia-
tion waste (temperature, pH levels, Fe(IlI) 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 FeO, 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-
tically 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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FORMATION OF NON-METALLIC INCLUSIONS
IN PRODUCTION OF 08KH18N10T CORROSION-RESISTANT STEEL

A.Yu. Em'%, 0. A. Komolova® %, K. V. Grigorovich' 2, S. B. Rumyantseva'!

! Baikov Institute of Metallurgy and Materials Science, Russian Academy of Sciences (49 Leninskii Ave., Moscow 119991,
Russian Federation)
2 National University of Science and Technology “MISIS” (4 Leninskii Ave., Moscow 119049, Russian Federation)

&) tony.yem1994@gmail.com

Abstract. Corrosion-resistant steels are in demand in the modern world due to their high performance properties and a wide range of applications. Such
areas of application include kitchenware, furniture, medical equipment, nuclear reactors, spacecraft, etc. Oxygen in steel, especially in corrosion-
resistant steel, is one of the most harmful elements. Oxide inclusions disrupt the homogeneity of the metal, negatively affect the ductility, frac-
ture toughness, fatigue strength and corrosion resistance of steel. In corrosion-resistant steels, non-metallic inclusions (NI) lead to the formation
of defects in cold-rolled sheets. Aluminate inclusions also lead to clogging of steel-casting equipment. An analysis of the production technology
of corrosion-resistant steel 08Kh8N10T was carried out in order to determine the causes of NI formation that affect the pourability of steel and its
quality. The studies determined the content of total oxygen and nitrogen, as well as oxygen bound in various non-metallic inclusions at the stages
of ladle processing and continuous steel casting. It was shown that after the introduction of titanium wire into the melt, the total nitrogen content
decreases due to the formation and subsequent removal of titanium nitrides. At the same time, the content of titanium oxides in the melt increases.
It was shown that the causes of clogging of steel-pouring nozzles during continuous casting are complex non-metallic inclusions based on titanium
oxides, which were deposited on the inner surface of the pouring nozzle-doser. Recommendations were made to adjust the technology of steel
melting in EAF and ladle processing. Based on the results of electron microscopic analysis, it was established that mixing of refining liquid-mobile
slag in ladle steel processing units contributed to the assimilation of non-metallic inclusions by slag and a decrease in their sizes in the metal. After
the implementation of the corrective recommendations, clogging of steel-pouring nozzles during continuous casting was not observed.

Keywords: corrosion-resistant steel, fractional gas analysis, non-metallic oxide inclusions, steel quality
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Annomayus. Koppo3HOHHOCTOMKHE cTaiii BOCTPEOOBAaHBI B COBDEMEHHOM MHpE M3-32 UX BBICOKMX SKCILTYaTallMOHHBIX CBOICTB M IIMPOKOTO CHEKTpPa
npuMeHeHust. K TakuM o0acTsM NpUMEHEHHs: OTHOCATCS KyXOHHAsi yTBAapb, MeOelb, MEIULIMHCKOE 000pYI0BaHUE, SICPHBIE PEAKTOPbI, KOCMHU-
yeckue ammaparsl U T. 1. Kuciaopox B cramm, 0cOOEHHO B KOPPO3HMOHHOCTOMKOM, SIBJISIETCSI OJHMM W3 CaMbIX BPEIHBIX 3JeMeHTOB. OKcHIHBIC
BKJIFOYCHHs HapyILIalOT TOMOTEHHOCTh METailjia, OTPUIATETIBHO BIMAIOT HA IIACTUYHOCTH, BSI3KOCTh Pa3pyLICHUs, YCTAJIOCTHYIO IMPOYHOCTH
U KOPPO3HOHHYIO CTOWKOCTh CTajd. B KOPpPO3MOHHOCTOWKHX CTasIX HeMerayutndeckue BruitodeHus: (HB) mpuBomst k 00pa3zoBanmio ae(eKToB
B XOJIOZIHOKATaHOM JIMCTE. BKIIIOYEHNS aTIOMUHATOB TaKKe TIPUBOJIAT K 3aCOPEHMIO CTANIEPA3IMBOYHOIO 000pya0oBaHus. B paboTe BbINOIHEH aHATH3
TEXHOJIOT MU ITPOM3BO/ICTBA KOppo3noHHOCTOMKOM cTamn 08 X8H 10T ¢ nenbro onpenenenus npuanH oopasoBanus HB, Biusiomux Ha pa3iuBacMocTh
CTaJIU U ee KauecTBO. B Xojie ncene1oBaHmiil onpeesieHo cofepkanue 00IIero KMUCiIopoaa 1 a3oTa, a Takike KMCIOPO/Ia, CBI3aHHOTO B Pa3jInYHbIe
HB Ha cTagusx xoBmieBoi 00pabOTKM M HENPEPHIBHON pa3inuBKU cTaid. [lociie BBeneHNS B paciulaB THTAHOBOW IPOBOJIOKK oOIIee cofepikaHne
a30Ta CHIKACTCS 3a CYET 00pa30BaHUs M MOCIEYIOIIEro yAAJIeHHs HUTPUAOB TuTaHa. [Ipu 5TOM yBEeIMYMBAETCS COJAEP)KAHWE OKCHIOB TUTAHA
B pacmuiaBe. [lokazaHo, 4TO MPUYMHAME 3aCOPEHHS CTAJIEPA3TMBOYHBIX CTAKAHOB IPH HETIPEPHIBHOW pa3NMBKe SBISIOTCS KoMmIulekcHble HB Ha
OCHOBE OKCHJIOB TUTAHA, KOTOPbIE OCAKAANUCH HA BHYTPEHHEH MOBEPXHOCTH PA3IMBOYHOIO CTaKaHa-103aTopa. B paboTe 1aHbl peKOMEHIAIMH 110
KOpPPEKTHUPOBKE TexHomoruy BeitutaBky cranu B JICIT u koBmeBoit 06padotku. [1o pe3ynsraraM 3JIeKTPOHHO-MHKPOCKOIIMYECKOTO aHAIN3a YCTaHOB-
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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 Al,O, inclusions contribute to the clogging of steel
casting equipment during casting [15 — 17].

Deep surface defects in steel are caused by high levels
of NMlIs, 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
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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 NMlIs 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
electron 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 /: 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.
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Fig. 1. FGA results of the metal samples of heat /:
[ — chromium oxides; [Ji] — silicates; [l — titanium oxides; JJj — aluminates; il — spinels; / — total N; 2 — total O

Puc. 1. Pesynsrarsl ®I'A npod meramnia miaBku /:
[ — oxcuzsl Xpoma; [l — CHIHKAThL; [l — OKCHIBI THTaHa; il — aIfoMHUHATEL; [l — mmuHeny; / — obmmit N; 2 — o6muit O

During the casting process of heat /, 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 /, 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 /, chromium oxides, titanium
oxides, and aluminates were detected.
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Fig. 2. FGA results of metal samples
taken from the clogging in pouring nozzle:
[ — titanium oxides; ] — aluminates; [l — spinels;
1 —total O; 2 — total N

Puc. 2. Pesynsratsl ®I'A 00pa3iioB npod meraa,
OTOOpaHHBIX OT HAPOCTA B CTAJICPA3TMBOYHOM CTaKaHE:
[ — oxcuapel TuTana; il — aarOMUHATEL; ] — IIITHHETN;

1 — o6wmmii O; 2 — obmmit N

In metal samples taken from the tundish of the con-
tinuous casting machine (CCM) 1 for heat /, 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 / increased
by 20 ppm compared to the nitrogen content in the metal
sample taken from the vacuum degasser (sample VD 3
of heat /). At the same time, the total oxygen con-
tent decreased from 60 ppm (sample VD 3 of heat /)
to 30 — 40 ppm (sample CCU 1 of heat 7). The increase
in nitrogen content in sample CCU 1 can be explained by
the influence of secondary 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
secondary 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 um were
detected in metal samples from heat / (Fig. 3).

Fig. 4 shows the results of metallographic studies
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;
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Chemical composition, %
Name X "
(0] Al Si Ca Ti Cr
Spectrum 6 4488 | 3.52 9.10 1.33 | 3470 | 6.47
Spectrum 9 37.78 | 0.59 - — 52.59 | 9.04
Average 41.33 | 2.05 9.10 1.33 | 43.64 | 7.76
Standard deviation | 3.55 1.46 - - 8.95 1.28

Fig. 3. Complex oxide NMI in selected metal samples

Puc. 3. KomrutekcHoe okcuiHoe HB B 0TOOpaHHBIX Tpodax Meraia

— 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 NMlIs, 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.
Insample 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 NMlIs. One of the results of element
mapping of NMlIs 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

- Chemical composition, %
0 Al Si Ca Ti (o) Mn Beero
Spectrum 15 4582 | 2.02 | 2563 | 074 | 753 | 1826 | — |100,00
Spectrum /6 4320 | 132 | 532 | 041 | 286 | 46.12 | — |100,00
_ ; Spectrum /7 3894 | 052 | 0.79 - 465 | 5479 | - |100,00
‘.;. R Spectrum /8 | 34.89 | 0.42 - - 6.83 | 38.97 | 18.89 | 100,00
Py o I8 Spectrum /9 48.32 1.54 19.11 5.34 6.79 18.12 - 100,00
i) Tyt e h Average 4224 | 116 | 1271 | 216 | 573 | 3525 | 18.89 —
Standard deviation | 4.81 0.61 10.06 | 2.25 1.73 18.80 — —

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

Puc. 4. KommiekcHoe okcuaHoe HB B 0T06pam-n>1x rlp06ax METajljla OT HapOCTa Ha NMOBEPXHOCTH PA3JIMBOYHOIO CTaKaHa
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Fig. 5. FGA results of the metal samples of heat 2:

Puc. 5. Pesynsrarel ®I'A npob MeTania miaBku 2:
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Fig. 6. Complex oxide NMI

tutaHa; ] — amomuHatsl; ] — wnuHeny; / — odumit O; 2 — obumii N

in selected metal sample

Puc. 6. Kommiekcnoe oxkcuanoe HB B MeTaime

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
08KhI8N10T 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
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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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Opu2uHaabHasi cmamos

DEFORMATION AND FRACTURE OF HEAT TREATED RIBBON
OF AMORPHOUS Co — Fe — Cr — Si — B ALLOY DURING INDENTATION

L. E. Permyakova®, M. V. Kostina

Baikov Institute of Metallurgy and Materials Science, Russian Academy of Sciences (49 Leninskii Ave., Moscow 119334,
Russian Federation)

&) 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 Co,, ;Fe  .Cr,Si.B,, 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 I < T, amorphous alloy demonstrates unique plasticity. The shear bands appear around the imprint
only at the maximum load on the indenter. 7, < T < T, 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
T,<T,<T,, 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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AE®OPMALUA U PASPYLUEHUE
TEPMUYECKUN OBPABOTAHHbIX NTEHT AMOP®HOIO CN/JIABA
CUCTEMbI Co — Fe — Cr—Si—B NPU UHAEHTUPOBAHUU

H. E. llepmakosa “, M. B. KoctuHa

| Uuctutyt Metanayprum u maTtepuasioBenenus uM. A.A. baiikoBa PAH (Poccus, 119334, Mocksa, Jlennnckwii mip., 1. 49)

B3 inga_perm@mail.ru

AHHOmayus. VHaeHTHpOBaHNE ABISIETCS MPHUBICKATEIFHBIM METOAOM UL U3ydYeHHS Ae(OPMAIIMOHHOTO MOBEACHUS aMOP(HBIX CIUIABOB IO PSIIY
MPUYUH: He OyIyuH cielu(pUUHBIMU K pa3Mepy 00pasLia, 3TH HCIILITaHUS IPOCTHI B BBITTIOJIHEHUH U HE TPUBOJISIT K MAKPOPA3PyLIEHHIO; IUIacTHYeCKast
nedopManus B MaTepuajle OrpaHHYeHa JIOKAIbHO, YTO 00IerdaeT H3ydeHNe IIIAaCTHYECKOrO TCUCHHS B 30HAX OKPY)KAIOIINX U HAXONAIIUXCS TI0X
UHJEHTOPOM; NPSIMOE CPABHEHHE PE3YJbTATOB MHICHTHPOBAHUS C OTKIMKAMHU, HAIPUMEp, HA M3MMO WM PACTSKEHUE JOIOIHUTENIBHO JeIaeT
METOJ HHICHTHPOBAHUA d(P(HEKTUBHBIM «30HIOM» I MOHUMaHHA (HH3UKU MIACTHYECKON Ae(OopMAIMy U pa3pyIleHHs aMOPHBIX CIUIaBoB. B
HAcTOAIIEH paboTe NMpeICTaBlIeHbI Pe3y/bTaThl UCCIIEA0BAHUH MOP(OIOrUH MUKPOOTIIEUATKOB ITOCIIE HHASHTHPOBAHUS Ha HIIACTUYHOH TO/TOKKE

JICHT OBICTPO3aKaNCHHBIX aMopHbIx crutasos Co, Fe, (Cr,Si B, noxBeprayTpix TepMu4ecKoi 06padoTKe B IIMPOKOM AHAIA30HE TEMIICPATYP.

CrpyKTypHO-(a30BbIe MPEBPALICHUsT KOHTPOIMPOBAINCH TPOBEACHUEM PEHTTEHOCTPYKTYPHOTO aHain3a M aAuddepeHualbHO-CKaHUPYIOeH

kanopuMmeTprei. OOHapy>KeHbI XapaKTepHbIe BUIOU3MCHCHHS KapTHH HX Ae(OpMAIHU U pa3pyLIeHUs MIPH Iepexoae H3 aMop(HOro B KpucTai-

JIMYECKOE COCTOSHHUE. YCTAHOBIICHBI TPH TEMIIEPATYPHBIX MHTEPBAJIa C XapaKTePHBIMU 30HaMH 1€(OPMUPOBAHHUS HA TOBEPXHOCTH MCCIIENLYEMbIX

obpasuos. [pu 7, < T, aMOpGHBII CIUIaB IEMOHCTPHPYIOT YHHKAIBHYIO IIACTHYHOCTD, IPH MAKCUMAIbHOH HAarpy3Kke Ha MHICHTOP IOSABIA-

IOTCsI TOJIBKO IOJIOCHI CLIBHIa BOKPYT oTreyarka. Murepsan T, < 7, < T, — epeXOAHbII, Tak KaK Ipy 60jiee HU3KHX TeMIIepaTypax He obpasyrorcs
TPELIMHEL, a IpH 00Jiee BEICOKHUX HET MONOo¢ cABHUra. CIutaB HaXOOUTCSA B aMOP(GHOM, HO OXPYIYEHHOM COCTOSHUH, IO3TOMY HAaOMIONAOTCS PaIi-
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QIbHBIC M KOJIBLICBBIE TPEIMHBI, & TAKKE OTKOJIbI. MuTepBan T, < T’ < Tcrys COOTBETCTBYET OKOHYATEJILHOW TpaHC(HOPMALMH CIIJIaBa B KPUCTAIUIHU-
YECKOEe COCTOSHUE, (POPMUPYIOTCS CUMMETPHYHbBIE KAPTUHBI Pa3pyLICHNUs, COCTOSMINE U3 KBAJPAaTHBIX CETOK TpeIuH. Takum o6pa3oM, Ha OCHO-
BAHUU COCTABJICHHOT'O C YYETOM COOTBETCTBYIOIIMX TEMIIEPATYPHBIX MHTEPBAJIOB «aTIaca» 30H JIOKAJILHOTO HArpyXeHUsl (HAJIMYUe/OTCYTCTBHE
0JIOC C/ABUTA, TPELIMH, X B3aMMHOE PACIIOIOKEHHE) IIPU Pa3HbIX HArpy3Kax BO3MOXKHO JaTh MPUOIMKEHHYIO SKCIPECC-OLEHKY CTPYKTYPHOIO

COCTOSTHMSI aMOP(HBIX CILIABOB.

Kniouesvle ca08a: amopdHbIi CIIaB, TPEIMHA, 10JI0CA CIBUTA, HHACHTUPOBAHUE, OTIEYATOK, CTPYKTYPHOE COCTOSHUE, OXPYITUYUBaHHUE, AedopMarus,

paspyuieHue, TepMuaeckas oopadboTka

Jaa yumupoeaHus: lepmsikosa U.E., Koctuna M.B. Jlepopmanus u pazpyuienue repMuuecks 00paOOTaHHBIX JIEHT aMOP(HHOTO CILIaBa CUCTEMbI
Co — Fe — Cr — Si — B nipu unnentupoBanuu. Mzgecmus 6y306. Yepnas memannypeus. 2024,67(5):556-562.

https://doi.org/10.17073/0368-0797-2024-5-556-562

[ INTRODUCTION

The process of amorphization, achieved by ultrara-
pid melt-quenching, allows for the production of homo-
geneous multicomponent amorphous alloys (AA).
By varying 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 evaluate
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 visualization 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.

[l MATERIALS AND METHODS

The object of the study was an amorphous alloy
Co,, sFe, Cr,Si.B ¢ (at. %), produced by melt-spinning
process in the form of a ribbon with a thickness of 30 pm
andawidth of20 mm. Alloy samples measuring 15%20 mm
were subjected to vacuum annealing in the temperature
range of 7/ =538 —823 K for 10 min. Afterward, they
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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 —1.5mm 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 ¢ at which the bent sam-
ple fractured was determined (Fig. 1, ). The plasticity

measure £, was taken as the ratio

Lk
T d—-n

where /4 is the thickness of the ribbon.

The ductile-to-brittle transition temperature 7 " was
calculated as the average temperature between 7', and T,
where T, — is the highest annealing temperature at which
g =1, and 7, is the lowest recorded temperature at which
a sharp decrease in plasticity occurs (8f — 0).

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

a b

Fig. 1. Scheme of mechanical tests of ribbon of amorphous alloys:
a — microindentation (/ — steel base, 2 — substrate,
3 — sample of amorphous alloy, 4 — imprint, 5 — Vickers pyramid);
b — U-method (/ and 2 — fixed and movable plates,
3 — sample of amorphous alloy)

Puc. 1. Cxema MexaHM4YeCKUX UCTIbITaHUH JIeHT AC:
a — MUKpOMHJIeHTHpOBaHue (/ — CTanbHasi OCHOBA, 2 — MOJUIOKKA,
3 — obpasen AC, 4 — oTrieuarok, 5 — nupamuaa Bukkepca);
b — U-meton (I v 2 — HETIOABWKHAS M MTOJIBYDKHAS TUIACTHHBI,
3 — obpaszer; AC)
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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 Co,, Fe ,Cr,Si,B,., 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-
peraturerange 7, < 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 <7 <748 K, straight radial cracks
appear in the area of local loading on the amorphous
alloy (Fig. 2, ¢). 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 7 = 748 K. Finally,
in the heating range of 748 K < T <803 K, the imprints
predominantly form a network of cracks oriented parallel
to the faces of the indenter pyramid (Fig. 2, ¢). Addition-
ally, ring cracks may form further away from the indenta-
tion zone (Fig. 2, f).

After indentation at the maximum load of P=2N,
the annealing temperature 7, 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 7 = 628 K [29]. The Ter 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: I,=613K (Fig. 3).

Subsequent attention was focused on calorimetric
and structural studies to clarify the temperature ranges
of phase transitions that the AA Co,, Fe, Cr,Si.B ¢
amorphous alloy undergoes. According to DSC data,
the crystallization temperature of the studied amorphous
alloyis 7. =803 K (Fig. 4).

crys

According to structural studies, the formation
of the first nanocrystals in the amorphous matrix, corres-
ponding to a-Co with an HCP lattice (a=b=2.514 A,
c=4.105 A), occurs after annealing above 688 K [30].
As the temperature increases, an intensification of crystal-
lization processes and an increase in the volumetric frac-
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Fig. 2. Atlas of deformation and fracture patterns of annealed Co,,

Fe, Cr,Si
a-T =513K,P=05H;b-T =573K,P=15H;c-T, =673K,P=12H;

d-T,=728K,P=10H;e-T,=7713K,P=1.1H;f~ T, =800K, P=13H

B, amorphous alloy during indentation on an elastic substrate:

7718

Puc. 2. Atnac xapTus nedopmanun 1 pazpymenus ortoxoxeHHbIX AC Co

Fe, 5Cr“Si B¢ P11 MHIEHTUPOBAHKY Ha DNIACTHYHOH MOIOKKE:

70,5 7

a-T,=513K,P=05H;b-T,=513K,P=15H;¢c-T,=673K, P=12H;
d-T,=728K P=10H;e~T,=773K,P=1,1H;/~T,=800K, P=13 H

tion of crystalline phases are observed. Along with a-Co,
the B-Co phase with an FCC lattice (a = b = ¢ = 3.554 A),
appears, as well as Co,Si, Co,B, Co,B, Co,B (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

1.01
1.00

0.99 4
0.08

T

1

0.06

0.04

g, relative units

0.02 - Tf

0
500 550 600 650 700 750 800 850
T, K

an?

Fig. 3. Plasticity behavior of Co, ;Fe, Cr,Si,B

during heat treatment

amorphous alloy

718

Puc. 3. TTosenenue miactuunoctu AC Co70 sFe, 5Cr4Si7B18
IIPH TePMUYECKOi 00paboTKe

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 T, <T,, 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.

10

0, mW

8
6
4L
2
0

2ot
4t

_6 | | | | | | |
550 600 650 700 750 800 850 900 950

T,.K

an?

Fig. 4. DSC curve of Co, ;Fe, ,Cr,Si,B,; amorphous alloy during
heating at a rate of 20 °C/min

Puc. 4. Kpusast JICK AC Co,, ;Fe, ,Cr,Si,B, ipu Harpese
co ckopocthio 20 °C/mMun
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2
7]
=
L
= 3
| | | |
4
| | | |
5
| | | |
40 60 80 100 120
20, deg
Fig. 5. X-ray spectra of Co. ;Fe  Cr,Si.B, ¢ amorphous alloy

after annealing (Cqu-radiation):
823 K (7); 763 K (2); 723 K (3); 623 K (4); without annealing (5)

Puc. 5. PentrenoBckue criektpsl AC Co70,5F<30!5Cr4$17B18

nocine omkura (CoK -u3iyueHune) Npu TeMIeparype:
823 K (1); 763 K (2); 723 K (3); 623 K (4); 6e3 omxmura (35)

L <T, is transi-
tional, as no cracks form at lower temperatures (for
Co,, ;Fe,Cr,Si.B,,, the temper brittleness temperature
is T =613 K), and at higher temperatures, shear bands
are absent (the temperature of complete disappearance
of shear bands for Co, . Fe, Cr,Si.B,  is T, =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 temperature range 7,<7, <T

* The range T\, < T, < T, corresponds to the final
transformation of the amorphous alloy into a crystalline
state (for Co,, ;Fe .Cr,Si,B, ¢ T,.= 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.
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- CONCLUSIONS

Using the example of melt-quenched amorphous alloy
ribbons of the Co—Fe—Cr—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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STRUCTURAL-PHASE STATES AND PROPERTIES
OF HIGH-SPEED SURFACING AFTER TEMPERING
AND ELECTRON BEAM PROCESSING

V. E. Gromov %, A. S. Chapaikin, L. P. Bashchenko
I Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)

&3 gromov@physics.sibsiu.ru

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 a-Fe and carbides of Me,C composition. After tempering, the polycrystalline structure
of the deposited layer contains grains of 7.0 — 22.5 pm in size with layers of the second phase along the boundaries and at the joints of grains with
composition V,C,, Cr,C;, Fe,C, Cr,,C,, WC, . Electron beam processing forms a thin surface layer (30 — 50 um) 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
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CTPYKTYPHO-®A30BbIE COCTOAHUA U CBOMUCTBA
BEbICTPOPEXYLIEA HANNABKU NOCNE OTNYCKA
N SINEKTPOHHO-NYYKOBOI OEPABOTKU
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AnHomayus. B pabore aBTOpPBI METOAaMH COBPEMEHHOTO (PM3MYECKOrO MaTepHaJOBEICHUS MUCCICIOBAIN CTPYKTYPY, Ae(EeKTHYIO CyOCTPYKTYpY,
(a3oBbIii cOCTaB, TPUOOIOTMYECKHE H MEXaHNUECKIE CBONCTBA HAILIABKH, IOBEPTHYTOH BEICOKOTEMIIEpAaTypHOMY OTIycKy mpu 580 °C u mocie-
JYIOIIEH 3JIeKTPOHHO-IIYYKOBOH 00paboTke. HarutaBnenusie ciou TommuHoi 10 10 MM (opmupyroTcs MIa3MEHHOH HArUIaBKOM MOPOIIKOBOM
nposonokoii [I1-1810 B cpene asora. Ilo pasoBoMy cocTaBy HaIIaBIEHHBIE CIOU COCTOAT U3 0-Fe u kap6unos cocrasa Me C. Ilocne ormycka
MOJIMKPUCTAJUTNYECKAs CTPYKTypa HAIUIABICHHOTO CIIOSI COACPIKHUT 3epHa pasMepoM 7,0 — 22,5 MKM ¢ mpocioiikaMu BTOpoi (as3bl Mo rpaHuIiaM
u B cThIKax 3epeH cocrasos V,C,, Cr,C;, Fe,C, Cry,C,, WC, . DieKTpoHHO-TIyuKoBas 00paboTka (OPMUPYET TOHKUIA TIOBEPXHOCTHBIN CIIOM
(30 — 50 MKM) ¢ 3epHaMU SYEHCTOM (3EPEHHON) CTPYKTYphI BBICOKOCKOPOCTHOW KpUcTauu3aiuu cyomukporHoro (100 — 250 M) pasmepa.
B o0beme 3epeH 1 1o TpaHHIaM BBISBICHBI YACTHIIBI BTOPO# (ha3bl HAHOpa3MEPHOTO JHara3oHa MoOyISIpHON U OrpaHeHHOH (GopM.

Kniouesunle ca08a: GuicTpopexyIas craib, CTPYKTypa, (ha3oBblii cOCTaB, HIEKTPOHHAS MUKPOCKOIIHS, MEXaHUUECKUe 1 TPUOOIOrnueckue cBoiicTBa

Baazodaphocmu: PaboTa BINOIHEHA NPH MOjIepskKe rpanTa Poccuiickoro HaydHoro ¢onma Ne 23-19-00186, https://rscf.ru/project/23-19-00186/).
Beipaxaem nmpusHatensHOCTh A.¢.-M.H. ipodeccopy W.1O. JIutoBueHKO 3a MOMOIIh B TPOBEACHUH IEKTPOHHO-MUKPOCKOIIUMYECKUX UCCICIOBAHUI
n 1.T.H. fouenty H.H. Manymmny 3a npemocraBieHHbIE 00pasIbl.
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[ 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, R6MS5, 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.

[l 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. %): C 0.87; Cr 4.41; W 17.00;
Mo 0.10; V 1.50; Ti0.35; Al 1.15; N 0.06; the balan-
ce is iron. During plasma surfacing, the consumption
of the shielding gas (nitrogen) Q.. , was 20 — 22 I/min,
and the consumption of the plasma-forming gas (argon)
O jasma Was 6 -8 I/min. The methodology of plasma
surfacing and the justification for the chosen mode are
detailed in previous works [1;2]. The studies were
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conducted after surfacing, 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 electron beam energy density
of 30 J/cm?. The pulse duration was 50 ps, the num-
ber of irradiation pulses was 5, and the pulse repetition
frequency was 0.3 s7!.

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
Vickers 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 a-Fe and Me,C 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 Hp, wear rate V,
and friction coefficient & are provided in the Table.

After high-temperature tempering, the grain size
ranges from 7.0 to 22.5 um. 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 Fe,W.C (Fe,W,C). The carbide phase grain
sizes range from 80 to 350 nm. Mapping of the solid solu-
tion grains based on a-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

MuxkpoTBepaocTh 1 TPUOO0JIOrHYecKHEe MapaMeTphl
HAIJIABJIEHHOTO CJIOSI

106

State gfl;; mrlllg’/l(l(zl "m) k
Deposition 4.7 8.9 0.70
Deposition + tempering 53 9.9 0.65
Deposition + tempering + EBP 53 33 0.58
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Electron microscopic image of a frame mesh section of the deposited layer:
a — light field; b — e — images of the foil section obtained in characteristic X-ray radiation of atoms W (b), Fe (¢), Cr (d), C (e)

DIEKTPOHHO-MUKPOCKOITINYECKOE H300paKEHNE YIaCcTKa KapKACHOM CeTKH HAIJIABICHHOTO CIIOSL:
a — cBetyoe noine; b — e — N300paKEeHUs JaHHOTO y4acTKa (ONBrH, MOMyYCHHBIE B XapaKTEPHUCTUYECKOM PEHTTCHOBCKOM H3ITyYCHHH
aromoB W (b), Fe (c), Cr (d), C (e)

Analysis of the corresponding micro-electron diffrac-
tion patterns shows that the globular particles, randomly
distributed within the a-Fe grains, are carbides of compo-
sitions V,C, or Cr,C,. The faceted particles are carbides
of compositions Cr,,C, (Me,,C,), Fe,C or WC, _

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).

X

Electron beam processing (EBP) of the tempered
deposited layer forms a thin (30 — 50 um) surface layer
with a cellular (grain) structure of high-speed crystalliza-
tion with submicron grain sizes (100 — 250 nm). Particles
of the second 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 boundaries 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 Me,.C, Me,.C,, Me,C, and
Me.,C, (where Me represents chromium, iron, and tung-
sten). EBP results in a multiple (threefold or more) increase
in the material’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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SIMULATION OF STRUCTURAL CHANGES IN METAL
UNDER HIGH-INTENSITY EXTERNAL INFLUENCE
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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

Acknowledgements: The study was conducted within the framework of the state assignment of the Ministry of Science and Higher Education

of the Russian Federation No. 075-00087-2401.

For citation: Gostevskaya A.N., Markidonov A.V., Starostenkov M.D., Lubyanoi D.A. Simulation of structural changes in metal under high-intensity

external influence. Izvestiya. Ferrous Metallurgy. 2024,67(5):567-572. https://doi.org/10.17073/0368-0797-2024-5-567-572

© A. N. Gostevskaya, A. V. Markidonov, M. D. Starostenkov, D. A. Lubyanoi, 2024 567


https://doi.org/10.17073/0368-0797-2024-5-567-572
mailto:lokon1296%40mail.ru?subject=
https://doi.org/10.17073/0368-0797-2024-5-567-572
mailto:lokon1296%40mail.ru?subject=

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(5):567-572.
Tocmesckas A.H., Mapkudorog A.B. u dp. MopennpoBaHue CTPYKTYPHBIX U3MEHEHUH B MeTaJl/Ie TPU BBICOKOUHTEHCUBHOM ...

MOAENUPOBAHUE CTPYKTYPHbIX U3MEHEHUW B METANNE
NPU BbICOKOMHTEHCUBHOM BHELUHEM BO3LENCTBUM

A. H.TocreBckas'®, A. B. MapkuoHoB' 2,

M. /1. CrapocreHkoB3, /. A. ly6saHoi*

! Cubupcxkuii rocynapcTBeHHbII HHAYCTPHAILHBIH yHHBepenTeT (Poccus, 654007, Kemeposckast 0611, — Kysbace, HoBoky3HeIIK,
yi1. Kupoga, 42)

2Kys6acckuii ryMaHATapHO-TIearoruyeckuii HHCTHTYT KemMepoBckoro rocynapersenHoro yunsepeutera (Poceus, 654041,
Kemepogckas o011, — Kyzoacc, HoBoky3Huerik, yi. [{uonkockoro, 23)

3 Anraiickuii rocyrapcTBeHHbIN TexHnyecknii yansepeuter umenn WL.H. Toasynosa (Poccus, 656038, Anraiickuil kpaii, BapHa-
yi1, ip. JlenuHa, 46)

4 @uman Ky36acckoro rocyiapcTBeHHOro Texunueckoro yunsepceutera nmenn T.®. Topbauesa B 1. [Ipokonbescke (Poccus,
653039, Kemeposckast o611, — Kysbace, [Tpokonbesck, yi. Horpanckas, 32)

&3 lokon1296@mail.ru

AHHOmﬂl{uﬂ. Ha ceropssinuit JACHb Nepea HUCCICAOBATCIIMUA U TIPOMBIIJICHHOCTBIO CTOUT 3aJavya yiny4lICHUs q)I/ISI/IKO-MCXaHI/ILICCKI/IX CBOICTB

Pa3IMYHBIX METAIMYECKHX W3enuil. Jis ynpouyHeHHs] KOHCTPYKIMI CYIIECTBYIOT Pa3IMYHbIe TEXHOIOTHH O0OpabOTKM MOBEPXHOCTH Mare-
pHaia myTeM BBICOKOTEMIIEpaTypHOTO BO3/AEHCTBHUS. BOMNbIION MHTEpeC NpU 3TOM BBI3BIBACT MPUMEHEHHE JIA3EPHBIX TEXHOJOTrUi. Bhicokocko-
POCTHO¥ JIOKAJIBHbIH JIa3epHBIIl HArPEB MOBEPXHOCTU MaTepHalia ¢ MOCISAYIONMM OBICTPBIM OXJIaXKICHUEM IyTeM OTBOJA TeIljia B NIyOb 00beMa,
a TaK)Ke OTCYTCTBHE MEXaHHUECKOTO BO3/ICHCTBUS MTO3BOJISIOT MIOJIyYUTh YHUKAIbHBIC HEPAaBHOBECHBIE CTPYKTYPBI C HINPOKHM HAOOPOM CBOMCTB.
OueBHIHO, YTO Pa3BUTHE ITHX TEXHOJIOTHI TpeOyeT rmiyOokux (yHAaMEeHTaIbHBIX HCCIENOBaHUI. B HacTosimeln pabore METOmIOM MOICKY-
JISPHOM JIMHAMUKH BBISBISZINCH OCOOCHHOCTH CTPYKTYPHBIX M3MEHEHUI ITOBEPXHOCTHBIX CJIOEB KpUCTAJLIa jKelie3a IPU BBICOKOTEMIIEPaTyPHOM
Bo3zeiicTBUU. BBIOOp Takoro Metozia 00yCIOBIICH TEM, YTO pACCMATPUBACMBIE SIBJICHHS 3aTPYIHUTEIBHO H3y4aTh TyTEM PeaibHbIX KCIIEPUMEHTOB
1 NIPSIMBIX HAOIFOACHHUN. YCIIOBHSI KOMITBFOTEPHOTO SKCIIEPHMEHTa OBUIH 331aHbl TAKUM 00pa30M, YTOOBI ITOCIIE TIPOXOXKICHUS TOUKH TEMIIEpaTyphbl
IUIABJICHHSI B MOJEIMPYEMOH CHCTeMe MPOUCXOANI (Pa30BBIi Mepexos, MPH KOTOPOM OCYIIECTBISETCSl OTPBIB YACTUIL] OT MOBEPXHOCTH JKUJIKOH
(azel. B pesynbrare npoBesEHHOIO MCCIIEAOBAHUS BBINOJIHEHA OIEHKA [TOPOTOBOIl TEMIIEpaTypbl 3KEKTHPOBAHUS YaCTHUIl U MPOBEICHO HCCIIe-
JIOBAaHHE MEXaHM3MOB 00pa30BaHUs KIACTEPOB 4acTuil. [Ipy HarpeBe MPOMCXOAUT yBEIMYEHHE KOJIMYECTBA KIACTEPOB, a MPU OXJIAKIACHUH —
€ro YMEHBILICHHE, HO IIPH 3TOM pa3Mephl KJIACTEPOB YBEIMUYMBAIOTCS, YTO CBUICTEILCTBYET O pean3ali MEeXaHn3Ma KOHJICHCAIUU TIPOLYKTOB
aOmsiimu. J{omoNMHUTENBHO MPOBEICHO MCCIISOBAHUE BIMSHKS BHEIIHETO JABJICHHS Ha MOJEIMPYEMYI0 cHcTeMy dacTull. [lokaszaHo, 4to mpu

YBCJIMYCHUU JaBJICHUS KOJIUYCCTBO KJIACTCPOB YMEHbLIIACTCS.
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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,
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such as ablation and desorption, have been studied 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-


mailto:lokon1296%40mail.ru?subject=
https://doi.org/10.17073/0368-0797-2024-5-567-572
mailto:lokon1296%40mail.ru?subject=

I1ZVESTIYA. FERROUS METALLURGY. 2024;67(5):567-572.
Gostevskaya A.N.,, Markidonov A.V, etc. Simulation of structural changes in metal under high-intensity external influence

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 a,=2.855 A, 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:

24q . y
T(y,t) :—\/atlerfc( J, (1)
A 2\ at
where A4 = 0.68 is the absorptivity; ¢=

=3.5+6.5 MW/cm? is the energy density; A = 80 W/(m'K) is
the thermal conductivity coefficient; @ = 2.621-10° m?/s
is the thermal diffusivity; T = 10-107'2 s is the exposure
duration.

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

ierfe(x) = j°° erfe(x)dx. 2)

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

Ty, 1) :%{Mierfc(%)/ja_t]_

- a(t—t)ierfc[Lj . 3)

2\Ja(t—r)

[ 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-

Max

a b

Fig. 1. Visualization of identified clusters after 10 (@)
and 18 ps (b) of model time (¢ = 5 MW/cm?,
color visualization matches sizes of clusters)

Puc. 1. Buzyanuzanust uaeHTuUIupyemMbIx Kinactepo depes 10 (a)
u 18 nic (b) monenbHoro Bpemenu (¢ = 5 MB1/em?;
L[BETOBAsI BU3yaJIH3AIlUsI COOTBETCTBYET pa3MepaM KIIacTepOB)

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, ). The condensation
mechanism of ablation products is realized in the consi-
dered model.

a b c

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/cm? (a — ¢)
(color visualization matches sizes of clusters)

Puc. 2. Buzyanuzauus uiaeHTUQUIIPYEMBIX KiIacTepoB uepes 20 mc
MOJIEFHOTO BPEMEHH IPH IUIOTHOCTH SHEPTHH JIA3ePHOTO
usnydenus 3,5; 5,0 u 6,5 MBt/em? (a — ¢)

(uBeTOBasI BU3yaM3allisi COOTBETCTBYET pa3MepaM KIIacTepoB)
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a b c

Fig. 3. Visualization of identified clusters after 20 ps of model time
at pressures of 1, 2 and 3 GPa (a — ¢) (¢ = 5 MW/cm?;
color visualization matches sizes of clusters)

Puc. 3. Busyanuzauus naeHTUOUIUPYEMBIX KiIacTepoB uepes 20 mc
MOJIeNIbHOTO BpeMeHH rpu nasnennu 1, 2 u 3 I'lla (a — ¢)
(¢ = 5 MBT/cM?; iBeTOBast BU3Yanu3alus COOTBETCTBYET
pa3Mepam KIacTepoB)

N, clust.

t, ps

Fig. 4. Change in the number of clusters during simulation
at different pressures (¢ = 5 MW/cm?)

Puc. 4. VI3meHenue KOJIUYECTBa KJIACTEPOB MIPHU MOJCITUPOBAHUN
[IPU Pa3IMYHOM AaBlieHuH (¢ = 5 MB1/cM?)

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 ¢ = 3.5, 5.0,
and 6.5 MW/cm?, 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.
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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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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 d-ferrite and, from its low content,
to significant hardening due to the grain-boundary effect. The presence of d-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 3-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 8-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 o-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 6-ferrite disintegrates into a o-phase and a paramagnetic nitrogen-containing austenite. Microstructural and
X-ray diffraction studies indicate that the aging of steel with d-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 d-ferrite and ferro-
magnetism, caused a catastrophic decrease in corrosion cracking resistance.

Keywords: high-nitrogen Cr — Mn steels, d-ferrite, microstructure, mechanical properties, stress corrosion resistance
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BAUAHUE KPEMHUA U BAHAQUA
HA KOPPO3UOHHO-MEXAHUYECKUE CBOUCTBA
BbICOKOA3OTUCTbIX Cr — Mn CTANEM
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AnHomayus. ViccnenoBansl (a30Bbiii COCTAB, MApaMETPhbl KPUCTAIUINIECKON PEIISTKHA, MEXaHMYSCKHE CBOICTBA M KOPPO3MOHHAS CTOMKOCTH TOJ
HAIPSHKCHUEM BBICOKOA30TUCTBIX AyCTCHUTHBIX M aycTeHUTO-(eppuTHbIX Cr—Mn craneil mociie roMOreHusHpyomeii o0padoTku, crapeHus
¥ XOJIOZHOM IIACTUYECKOH aedopMaru. YCTaHOBICHO, 4To JerupoBanre Cr—Mn craneil KpeMHHEM UM BaHAHEM MOXET IPUBOIUTH K 00pa3o-
BAHMIO PA3HBIX KOJIUYECTB (EePPOMArHUTHOrO 3-(heppuTa U y’Ke ¢ MajblX ero COACPKAHUH K CYLICCTBEHHOMY YIPOYHEHHIO, 00YCIOBICHHOMY
3epHorpannyHbIM dddextom. [IprucyrcTBue 6-heppura okas3piBaeT yrnpodHstoumii 3hGeKT KaK mocae TOMOreHU3UPYIOIeil 00paboTKu, Tak 1 IPU
XOJIOZIHOW TuIacTH4ecKoit nedopmanuu. B nernpoBanubix Banaauem Cr—Mn cransx Jaxke MOCie ayCTeHUTH3MpYomei oopadotku npu 1250 °C
coxpaHsieTcst 6oJiee MeJIKoe 3epHO ayCTeHUTa 8 — 9 HoMepa, ueM y CTajield, JIETHPOBAHHBIX KPEMHHUEM, HMEIOIINX M0CIIe 3aKAJIKH OT 00Jiee HU3KOH
temmneparypsl (1150 — 1170 °C) Gonbuiee no pasmepy 3epHo 6 — 7 Gayuta. OOpa3zoBaHHe Aaxce HEOOJBLIMX KOJIMYECTB O-(peppuTa MPUBOAUT
K CHIDKEHUIO CONPOTHBIICHUSI KOPPO3HOHHOMY PAaCTPECKUBAHHMIO BBICOKOA30THUCTBIX XPOMOMApPraHIEBBIX craneil. [Ipu sTom compoTuBieHHE
KOPPO3MOHHOMY PAacTPECKUBAHHMIO BBICOKOA30TUCTBIX CTallel ¢ O-(heppUTOM OKa3bIBACTCsl 3HAUYUTENILHO HUXKeE, ueM y coaepxaiux 0,4 % azora
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n Oonee ogHodasuelx Cr—Mn aycTeHUTHBIX cranei. CrapeHue BbI3bIBACT CYIIECTBEHHOE YIPOYHEHUE BBICOKOA30THCTBIX, JETHPOBAHHBIX KaK
KpeMHHeM, Tak U BaHagueM, Cr—Mn crazeif ¢ 6-peppHToM H COmpoBOXKIaeTCs moTepeil heppoMarHeTH3Ma IpU 3HAYUTETFHOM YMEHBIICHUN
YAApHOH BSI3KOCTH M IUIACTHYHOCTHU. Vcue3HoBeHue GeppoMarHeTusma, no-BUAUMOMY, 00yCIIOBIEHO TE€M, YTO MPOUCXOAUT pacmaj o-peppura Ha
6-(ha3y U mapaMarHUTHBIN a30TCONEPIKAIIHIA ayCTeHUT. MUKPOCTPYKTYPHBIE H PEHTTCHOCTPYKTYPHBIEC HCCICIOBAHHS CBUIETEIBCTBYIOT O TOM, UTO
CTapeHHe CTau ¢ O-GeppUTOM NPOTEKACT IO HENPEPHIBHOMY MEXaHU3MY, COIIPOBOXK/IAIOIIEMYCsl MOHOTOHHBIM CHIJKEHHEM IapaMeTpa peleTKu
ayCTEHHUTA B CBA3H C BBIICNCHHEM U3 Hero HUTpHAOB. CTapeHue AByX(ha3HBIX CTalel, MPHBOAAIIEe K HCUC3HOBEHHIO O-(peppHuTa u Geppomarae-
TU3Ma, BBI3BAJIO KaTacTPO(YUUECKOe CHUKEHUE CTOHKOCTH IIPOTUB KOPPO3HMOHHOTO PACTPECKUBAHMSI.

Kntoueswle cn08a: Bricokoazotuctsie Cr — Mn craiu, 3-GpeppuT, MUKPOCTPYKTYpa, MEXaHUYECKHE CBOICTBA, KOPPO3HOHHASI CTOUKOCTH MO HAMPSIKE-

HHUEM

Aaa yumupoeanus: Toiixen6epr F0.H., INonyxun JI.C. Biusinue kpeMHUs U BaHaAUsI HA KOPPO3HOHHO-MEXaHNUECKHE CBOMCTBA BBICOKOA30THCTBIX
Cr — Mn craneit. Mzsecmus 6y306. Yepnas memannypeus. 2024;67(5):573-578. https://doi.org/10.17073/0368-0797-2024-5-573-578

[ 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 a-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.

[l 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 2020 mm?. From these,
standard fivefold tensile test specimens with a work-
ing diameter of 5 mm and standard specimens with
a 10x10 mm? cross-section and a U-shaped notch were
prepared for impact toughness testing.

Table 1. Chemical composition of high-nitrogen Cr — Mn steels and content of 6-ferrite in them

Tabauya 1. Xumuveckuii cocTaB BbIcOK0a30TUCTBIX Cr — Mn cTajieli U cojepakaHue B HUX O-peppura

Element content, wt. % Amount of
Steel grade - - o

N Si A% Cr Mn C o-ferrite, %
10Kh16G17S4A0.3 0.28 4.50 0.09 16.0 17.1 0.11 3
12Kh19G19S2A0.5 0.50 2.37 0.13 19.3 19.4 0.13 0
10Kh19G20S4A0.5 0.52 4.30 0.18 19.6 20.3 0.10 32
07Kh18G19FA0.4 0.42 0.49 1.04 17.5 18.9 0.07 5
07Kh19G18FA0.7 0.73 0.35 1.07 18.8 18.0 0.07 0
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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.DIm optical microscope. Magnetic measure-
ments were performed on an o-phase meter, which
records the content of d-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 311 , and 222 , 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
07Kh19G18FAO0.7 are in the austenitic state (Table 1).
In steels with lower nitrogen content, a small amount
(3 — 5 %) of the ferromagnetic d-ferrite phase is addition-
ally present, while in steel with 4 % silicon, the d-ferrite
content reaches 32 %. Dispersed grains of J-ferrite
of various 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.

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

Puc. 1. MuxkpoctpykTypa 3akanenHoi or 1100 °C
cramu 10X19I20C4A0,5 ¢ d-bepputom

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 d-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 §-ferrite, like
similar austenitic steels, are significantly hardened during
cold plastic deformation while maintaining good ducti-
lity. The hardening degree (Ao/Ag) of steels with different
nitrogen and silicon concentrations, as well as the criti-
cal degree of cold deformation (e, ) required to achieve
a yield strength of 1200 N/mm? 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 hardening degree
or the critical deformation degree e_ . These parameters
were similar to those of steel 08Kh18G18AO0.5. Thus, it
can be inferred that the presence of 6-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 d-ferrite reduces the stress corrosion crack-
ing (SCC) resistance of high-nitrogen Cr—Mn steels.
For instance, while the formation of 3 % o-ferrite in
steel 10Kh16G17S4A0.3 did not significantly affect

Table 2. Mechanical properties of high-nitrogen steels
after homogenizing treatment

Tabauya 2. MexaHH4YecKHe CBOICTBA BHICOKOA30THCTHIX
cTajieil mocjie roMoreHu3upyouieii 00padoTKu

Gy G, 0, Y, | KCU,
N/mm? | N/mm? | % % | J/em?

10Kh16G17S4A0.3 | 465 908 66 63 287
12Kh19G19S2A0.5 522 924 65 72 -
10Kh19G20S4A0.5 590 982 52 61 -
07Kh18G19FA0.4 530 890 46 63 122
07Kh19G18FA0.7 720 1100 43 62 181
05Kh14G20A0.3 350 720 68 74 -
08Kh18G18A0.5 530 910 67 73 360
08Kh19G19A0.7 570 990 63 72 300

Steel grade
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Table 3. Hardening degree (Ac/Ag) during cold
plastic deformation by 15, 30, 40 % and critical
deformation degree (e ) for different Cr — Mn steels

Ta6auya 3. Crenenb ynpounenusi (Ac/A€) npu Xo101Ho M
njacTuuyeckoii gedpopmanuu Ha 15, 30, 40 % u kpuTHUecKas
crenens aedopmanuiu (e,,) 1st pasubix Cr — Mn crasneii

Ao/Ag for
Steel grade various degrees e, scq test
of deformation, % | 9% | duration, h
15 30 | 40
10Kh16G17S4A0.3 | 56.0 | 36.2 | 30.5 | 37 | 450-500V
12Kh19G19S2A0.5 | 56.0 | 37.0 | 31.2 | 36 3000 A
10Kh19G20S4A0.5 | 654 | 41.6 | 34.2 | 27 | 300 —2000 V
05Kh14G20A0.3 | 42.0 | 29.0 | 24.7 | 50 | 430-550V
08Kh18G18A0.5 | 55.0 | 36.7 | 31.0 | 36 5000 A
08Kh19G19A0.7 | 66.0 | 42.0 | 34.7 | 26 5300 A
Note: V—samples failed during SCC testing; A — samples
were withdrawn from testing without signs of SCC.

SCC resistance compared to the similar silicon-free
austenitic steel 05Kh14G20N4A0.3, which has low
resistance, the presence of 32 % d-ferrite in steel
10Kh19G20S4A0.5 drastically reduced its SCC resis-
tance compared to the austenitic steel 08Kh18G18AO0.5,
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 d-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/mm?, while
austenitic steel 07Kh19G18FA0.7, subjected to the same
stress levels, 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,

35
30
25
20
15 -
10 -

5 -

0 !
Quenching 2 4 6 8

<

d-ferrite content

Aging duration, h

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

Puc. 2. I3menenue conepxanus o-peppura B ctaau 10X19120C4A0,5
B 3aBHCHMOCTH OT MPOAOIDKUTEIBHOCTH cTapenus npu 700 °C

576

converting them into a non-magnetic state. For example,
the yield strength of the vanadium-containing high-nitro-
gen steel 07Kh18G19FA0.4 with 5 % J-ferrite increases
by 290 N/mm? after 16 h at 650 °C, whereas in the aus-
tenitic steel 07Kh19G18FAO0.7, it increases by only
190 N/mm? 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 % &-ferrite, hardness increases
to 35—-37HRC after 2—-4h 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 d-ferrite
become non-magnetic, apparently due to its decomposi-
tion (according to the phase diagram) into the o-phase and
paramagnetic nitrogen-containing austenite. In this case,
the content of &-ferrite decreases monotonically with
increasing aging time (Fig. 2). Microstructural and X-ray
diffraction studies (Fig. 3) indicate that the aging of steel
with o-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 d-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.

0.3620

¢
£ 0.3618&-\'»\
= ¢
~ 0.3616 7 :
>
2 036141 2
5 03612
S 0.3610 ]
& 0.3608'”"‘\4'\_'
3 0.3606 |
0.3604 L L L
Quenching 4 8 12 16

Aging duration, h

Fig. 3. Dependence of austenite lattice parameter of steels
10Kh16G17S4A0.3 (1) and 10Kh19G20S4A0.5 (2)
on duration of aging at 700 °C:
@ — calculation by line 311 ; [ll - calculation by line 222 |

al?

Puc. 3. 3aBUCUMOCTD TIapaMeTpa PeUIeTKH ayCTeHUTa CTalei
10X16I'17C4A0,3 (/) m 10X19I'20C4A0,5 (2) OT MpOAOIKHUTEIBHOCTH
crapenus npu 700 °C:

@ — pacuer no unmu 311 ; [l - pacuet mo nmunnm 222 |
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- CONCLUSIONS

Alloying high-nitrogen Cr—Mn steels with silicon or
vanadium leads to the formation of d-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 d-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 d-ferrite, likely due to its decomposition
into the o-phase and nitrogen-containing paramagnetic
austenite, as well as the precipitation of nitrides.
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MICROHETEROGENEOUS STRUCTURE
OF LIQUID CAST IRONS ICHKH28N2 AND ICH310KH24M2F4TR
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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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AnHomayus. IlpuBeneHb! OpUTHHAIBHBIC SKCIIEPUMEHTAIBHBIC JJAHHBIE O BA3KOCTH U Y/ISIBHOM 3JICKTPOCONPOTUBIICHUN KUAKNX 9yryHoB TUX28H2,

NY310X24M2D4TP. Pesynbrarel U3MEpEHHUI PaCCMOTPEHBI B paMKax MPEICTABICHHH O MHKPOT€TEpOr€HHOCTH METAIUIMYECKUX PACIIaBOB.
JKuxuii 4yryH B MUKPOT€TEpOTreHHOM COCTOSIHUM OHUMAJICS KaK AUCIIepCHAst CUCTEMa, COCTOsIIIas U3 AucnepcHbix yactui Fe — 30 % Cr, pacmpe-
JIeNIeHHBIX B qucniepcronHol cpene Fe — 3 % C. IlpeacraieHus o KOJJIOUIHONH MUKPOHEOIHOPOAHOCTH (MUKPOTeTepOreHHOCTH) paciuiaBoB Fe—C
BIepBBIe chopmynupoBansl A.A. BeptmanoM u A.M. CamapunbsiM Goree 80 JeT Hasza[ U HAIIUIX €Ie OQHO IOATBEPKACHUE B JaHHOI pabore.
[IpuBHECEHHE TEOPETHUESCKUX MTOAXO0A0B PEOIOIUH AUCIIEPCHBIX CUCTEM B aHAJIU3 TEMIIEPATYPHBIX 3aBUCHMOCTEH BS3KOCTH MUKPOI€TE€POr€HHBIX
pacIIaBoB MO3BOJIMIIO OLCHUTH ITapaMETPbl MUKPOI€TEPOTeHHOCTH: 00BbEMHYIO JIONI0 U HX pasmep. OnpezesieHne 00beMHOM 0N TUCIEPCHBIX
YaCcTHILl HPOBOAMIOCH 110 ypaBHEHHIO Teiiopa Juis BSI3KOCTH JAMCIEPCHBIX CHCTEM M pa3Mepa AUCIEPCHBIX YaCTHUIL B PaMKax IpeJCTaBICHHN
TEOpUH aOCONIOTHBIX CKOPOCTEH peakiuil. AHAIU3 TEMIEPAaTypHBIX 3aBUCHMOCTEH YIEIBHOIO 3JIEKTPOCONPOTUBICHHS MUKPOI€TEpPOTEHHBIX
pacIuIaBoOB B paMKax TEOPHHM SIBICHUH IepeHoca (B JaHHOM Ciydyae MPOBOAMMOCTH) B HEOAHOPOAHBIX Cpeax (MHKPOreTepOreHHbIX paciuiaBax)
JIaJ1 BO3MOXKHOCTB OLICHKH 00BEMHOM JJOJIN AUCTICPCHBIX YacThIll. OOBEMHYIO JIOJIIO UCTICPCHBIX YACTHIL [0 JAHHBIM 00 y/IEIBHOM 3JIEKTPOCOIPO-
TUBJICHUH XKUJIKUX YyTYHOB ONPEessiin u3 ypaBHeHHs: O/1e/IeBCKOTro AJIs IPOBOAMMOCTH HEOAHOPOAHBIX Cpell. YCTAHOBJIEHBI pa3Mep KiacTepa 13
COOTHOLICHHMS BEJIMYUH Y/IEIBHOTO AIIEKTPOCOPOTHBIICHHUSI PAaCcIlIaBa IIPU TEMIIepaType JUKBHIYC U TEMIIEpaType aHalu3a ¢ y4eTOM HU3BECTHBIX
JIAaHHBIX JUIS JUITMHBI CBOOOAHOTO Tpodera u KodpQUIMEHT paccesiHUs SJIEKTPOHOB JKUKOTO JKelie3a. BeandnHa 0OBEMHOM JIOJH JTUCIICPCHBIX
YaCTHUII B JKUJKHX 4yryHax cocrtaBuia 0,2 — 0,1 BOnu3u temneparypsl dukBuayc. C MOBBIICHHEM TEMIIEpaTypbl 00bEeMHast A0Jsl AUCTICPCHBIX
YacTHIl yMeHblaeTcst. Pa3mep kiactepa B KUAKOM 4yryHe COCTABHMII OKOJIO 3 HM BOJIM3M TEMIIepaTyphbl IMKBUJLYC, C IOBBIIICHUEM TEMIIEPaTypbl
pa3mep kiactepa cHikaercs 10 1 — 2 uM. [lomydeHHbIe pe3yabTaTbl HMEIOT IPAKTHYECKOE 3HAYCHHE: MOBBIIICHHE YKCILUTYaTAllHOHHBIX CBOCTB
OTJIMBOK M3 YyT'YHOB BO3MOXKHO IIyT€M BBICOKOTEMIIEpaTypHOil 00pabotku paciuiaBa (BTOP) ¢ menbio M3MEHEHUs! yCIOBUI KPUCTALTH3ALUH 1
MOJy4YeHHsT MOAM(MHLIUPOBAHHON CTPYKTYpBI. MCCiaenoBaHusl MUKPOTE€TEPOI€HHOTO CTPOCHUSI JKHIKUX YyTYHOB M OLICHKA [apaMeTpoB MHKPO-
reTepOreHHOCTH MO3BOJIUT 000CHOBATH M MPEUIOKUTH ONTUMAIbHBIA peskuM BTOP ¢ 11enbio MOBBILIEHHS DKCILTYaTAlMOHHbBIX XapaKTePUCTHK
W3JIeNHH U3 U3HOCOCTOMKUX YYTyHOB, JIETUPOBAHHBIX XPOMOM.

Kawueesswle caosa: pacmiiaB, 9yryHbl, MUKpPOI'€TECPOIr€HHOCTb, IIPOBOAUMOCTE HECOAHOPOAHBIX CPEH, BA3KOCTH III/ICI'IGI)CI/II‘/’I7 JAUCIICPCHBIC YaCTHUIIbI,
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- INTRODUCTION

properties. The mechanism of structural transitions in
complex alloyed metallic melts involves the destruction

The development of concepts regarding the microin-  of microinhomogeneity not only in structure but also

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 7" 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 7%, 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
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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 A. 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 A. The microheterogeneous state of the melt,
characterized by the presence of dispersed particles
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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 A [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 A, 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
R, >(10—-25)-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 A, 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 liquid 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.l. 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 microinhomogeneity
(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 liquid 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 metals
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 viscosity
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].
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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)CO, 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 Me,,C, during destabilization and the austenite-
martensite transformation during quenching. Kinetic
calculations of the destabilization process showed that
secondary carbides Me,C; 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 Me,,C, [32]. As the destabilization tem-
perature increases to 1000 °C, the number, volume, and
size of secondary carbides (up to 2.22 um) 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
ofthe 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),C, 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 Cr,C;. 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),C,, 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 Me,,C, and Me,C, [37].
The microstructure of the Fe — 34Cr —4.5C alloy con-
sists of a chromium-rich austenitic matrix with Me.C,,
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 p 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
¢ 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 v 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

Xumuyeckuii coctaB 00pa3noB

Contents of elements, wt. %
Sample ; .
C Si Mn Cr Mo Ni Vv 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
T, to 1650 °C. The working chamber was pre-evacuated
to 0.001 Pa, after which helium was introduced to a pres-
sure of ~10° Pa. The samples were held in an inert atmo-
sphere for 10 — 15 min at the liquidus temperature 7', fol-
lowed by heating to 1650 °C in increments of 30 — 40 °C.
The systematic error in the measurement of p and v 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
liquid cast irons, an approach was used based on the theory
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 % C 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 ¢
of the dispersed phase in the melts, Taylor’s equation [19]
for dispersions of droplets and bubbles was applied:

N, +0,4n
nq):nZ 1+295(\D(¥j ) (1)
m+n,

where 1 is the effective viscosity of the dispersion; n,
and m, are the viscosities of the dispersed phase and
the continuous phase, respectively.

Based on the experimental data on the temperature
dependence of kinematic viscosity v, the dynamic vis-
cosity mn of the liquid cast iron was determined from
the equation 1 = vd. The density d of the liquid cast iron
was determined from an additive dependence on the con-
tent of each component in the melt X, and its temperature-
dependent density d,.
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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)

o 704N _
My = Mre_c {1 + 2,5([{7]& C Mpe-—c ]:I’ )
Nre—c + NEe-cr

where n, is the viscosity of the liquid cast iron; ng, . is
the viscosity of the Fe—C melt, and 1, , 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 dynamics in [47].
The viscosity of Fe—Cr melts up to 40 at. % and
Fee. Cr,,C (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

b
n=A4exp (?) 3)

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

o T 0,4M.
nef ~MNre—c |:1 + 2,5@[111:6 s Tre—c j:‘ =0. (4)
Nre—c T Mre—cr

In analyzing the results of the resistometric experi-
ment on liquid cast irons, to estimate the volume frac-
tion @ of the dispersed phase in the melts, the Odelevsky
equation [50] was applied, which relates the conductivity
o of a two-phase system to the conductivities of the sol-
vent 6_and the dispersed particles o,

~206,-0,+9(30,+0,)

o=
4
2
26, -0,+¢(36, +0, G0
4 s P (p( P A) e (5)
4 2
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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26,-0,+¢(3c,+0)
4

) (2GS -6,+9¢(30, +c5s)]2

Oy —

+—L =0,
2

2 (6)

1. . o .
where 6, =— is the conductivity of the liquid cast iron;
pef
1
o .=

)

is the conductivity of the Fe~C melt; 6, =

pFe—C pFe7Cr

is the conductivity of the Fe—Cr melt.

Equations (4) and (6), given the known properties
ofthebinary systems Fe-C (., ,0,),Fe—Cr(ng, .. cp)
and the liquid cast iron (nef, Gef') were solved for
the volume fraction of inclusions (¢) using the fsolve
function from the SciPy library within the temperature
range of 1310 — 1650 °C.

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

my=—i, =2 ()

Ry M,
where m,, n,, ¢,, M, d, are the molar fraction, the number
of moles per unit volume, the volume fraction, the molar
mass, and the density of the i component, respectively.
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[ RESULTS AND DISCUSSION

The results of the experimental investigation of kine-
matic viscosity in the temperature range from 7,
to 1650 °C for IChKh28N2 and ICh310Kh24M2F4TR lig-
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—15at. % Cr— 10 at. % C
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
¢ 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

12.0 - 8.0
« 100} / 170 .
™ .\\ <
= J ’/, - 160 =
= 8.0 v e, “amg, =
.> T,=1317°C ~...\.. N A- 450 :
6.0 | vooe T
: ooy
-e 4.0
0.25 | - 0.25
0.20 | H0.20
S o1sf H015 =
= 2 g
0.10 |- H0.10
0.05 | H0.05
0 ] ] ° 9
1300 1400 1500 1600
T,°C
b

Fig. 1. Temperature dependences of kinematic viscosity (v), dynamic viscosity (1), volumetric ()
and molar fraction (m) of heterogeneous inclusions in liquid cast irons IChKh28N2 (a) and ICh310Kh24M2F4TR (b):
@ — this work; Bl — Fe — 15 % Cr—4 % C [49]; A— Fe — 30 % Cr [48]; ¥ — Fe — 3 % C [46; 47];
1 — approximation; 2 — calculation by equation (4)

Puc. 1. TemniepatypHble 3aBUCUMOCTH KHHEMATHUYECKOW BSI3KOCTH (V), AMHAMUYECKOH B3KOCTH (1)), 00beMHOM (¢)
1 MOJIBHO# /10711 (M) TeTepOTreHHbIX BKIIOUeHHI B xuaAkuX uyrynax MUX28H2 () u UU310X24M2DATP (b):
@ — nanHas pabora; W — Fe — 15 % Cr—4 % C [49]; A — Fe — 30 % Cr [48]; ¥ — Fe — 3 % C [46; 47];

1 — anmpoxcuManys; 2 — pacuer 1o ypaBHEHHO (4)
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only on their size, shape, and the physicochemical pro-
perties of the medium but also on the volume concentration
¢. 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 microheterogeneous 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
liquid cast irons were obtained by solving equation (4).
The calculated values of the volume 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 7, 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 O
in Fig. 1, a) 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.
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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

V=T P (ﬁj’ )

1/2
where B =§(£) ; 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 values
ofelectrical 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 volume
(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 volume fraction of dispersed particles in the liquid
cast irons was determined by solving equation (6), based
on the known data on the conductivity (1/p) 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 values
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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Fig. 2. Temperature dependences of electrical resistivity (p), conductivity (o), volume (¢)
and molar fraction (m) of heterogeneous inclusions, as well as the cluster size determined by equation (8)
in liquid cast irons [ChKh28N2 (a) and ICh310Kh24M2F4TR (b):
@ — this work; ll — Fe — 3 % C; I — approximation; 2— calculation by equation (6); 3 — calculation by equation (8)

Puc. 2. TemniepaTypHble 3aBHCHMOCTH YACIBHOTO IEKTPOCONPOTUBICHUS (p), YACIBHOI IIPOBOAUMOCTH (G),
00BEMHOI () ¥ MOJIBHOH (/1) TOJH TeTEPOreHHBIX BKIIFOUCHUI, a TaK)Ke pa3Mep KiacTepa,
orpeieNIeHHbIH 110 ypaBHeHuUIo (8) B xuakux uyrynax MUX28H2 (a) u MY310X24M2D4TP (b):
@ — nanHas padora; ll — Fe — 3 % C [51]; 1 — annpokcumanusi; 2 — pacdeT 1o ypasHenuo (6); 3 — pacdeT no ypaBHeHHIO (8)

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 volume (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:

N B [lj,

pL DKJ'I r
where p, and p are the specific resistivity of liquid iron
at the liquidus temperature and the analysis temperature,
respectively; /. is the mean free path of electrons in liquid

iron; D, is the cluster diameter; 7 is the electron scatter-
ing coefficient.

)

The mean free path of electrons in liquid iron decreases
from 4.63 to 4.28 A 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 = 1600 °C, »=10.97, and
at 1= 1800 °C r = 0.86, meaning that as the temperature
rises, r decreases, and p 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,
liquid cast iron can be considered a microheterogeneous
system. Increasing the temperature leads to a reduction in
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the volume fraction of dispersed particles, consistent with
the concept of the breakdown of the microheterogencous
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 lig-
uidus temperature 7, 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 volume
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

588

an optimal melt heat treatment mode to improve the per-
formance characteristics.
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INFLUENCE OF COMPRESSION MODES OF WAXY POWDERS
ON STRESS-STRAIN STATE OF COMPACTS USED IN PRECISION CASTING

N. A. Bogdanova®, S. G. Zhilin
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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.

Keywords: experimental modeling, mechanical engineering processes, investment casting, stress-strain state, pressing, porosity, elastic response, strength
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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 R, = 1.25 um, meet quality grades 11 — 16, and
achieve mold cavity dimensional tolerances of no more
than grades 8 — 9 according to GOST 2534782 “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;
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— 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 values 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 /, 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 p,, =0.86 g/cm® 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 p,qs)so =
=0.935 g/cm? 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 °C. 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 (p, ) depend on the type

&) SHIMADZU

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

Puc. 1. Ilpecc-marpuua 1 padodasi 30Ha TECTOBOH MaIlIUHBI
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and fraction of the materials and are as follows: for T1
with a fraction of 2.5 mm, p, . = 0.360 g/cm’; for T1 with
a fraction of 0.63 mm, p_ , = 0.320 g/cm?; for PS50/50
with a fraction of 2.5 mm, p, , = 0.340 g/cm’; and for
PS50/50 with a fraction of 0.63 mm, p, . =0.310 g/cm?.

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 cavity
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 aresult 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 = /4 = 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

p :[1—‘)—"}100 %, )
P

where p_ is the density of the compact, kg/m?, and p_ is
the density of the cast material, kg/m?.

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 p_;, = 0.86 g/cm? and p _,q5,/5, = 0.935 g/em’.

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

P \( nd?

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
adiameter and height of44 mm, determine the mass and bulk
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Values of masses and bulk density of waxy materials powders

3HaveHHUs1 MacC M HACBHINMHOM MJIOTHOCTH MOPOIIKOB BOCKOOOPAa3HbIX MaTepPUAJIOB

. Filling mass, g / Bulk density, g/cm?
Porosity, %

T1 I1C 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

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 2 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

60 p
y=0.7408x +27.476 y=0.2417x + 28.143
y=0.7978x + 25.622 y=0.2665x + 25.551
56 + y=0.8286x+24.709 F y=0.2761x+24.722
y=0.8824x +22.900 y=0.2939x +22.921
°
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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 —T1, fraction 0.63 mm; 2 — PS50/50, fraction 0.63 mm; 3 — T1, fraction 2.5 mm; 4 — PS50/50, fraction 2.5 mm

Puc. 2. 3aBucumocT 1ehopMaIii MOPOIIKOBOTO Tejla OT BPEMEHH €T0 YILUIOTHEHHSI TIPH [EPEMELICHAH MTPEeCC-IyaHCOHa
co ckopoctbio 1,5 mm/c (a) u 0,5 mm/c (b):
1—TI1, dpakuus 0,63 mm; 2 — I[1C50/50, ppakums 0,63 mm; 3 — T1, ppaxmwms 2,5 mm; 4 — T1IC50/50, bpakius 2,5 mm

597



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(5):593-603.
Bozdanosa H.A., Kuaun C.I' BiusiHue peKMMOB yIJIOTHEHUSI BOCKOOOPA3HbBIX MOPOIIKOB HAa HANMPSXKEHHO-Ae)OPMUPOBAHHOE ...

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.

Jl 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.
[ 3

e

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

Puc. 3. Pa3mMelnieHre 9KCIIePUMEHTAIBHOTO IMITHHAPUIECKOro o0pasua
B TECTOBOM MAIIIMHE TIPU UCTIBITAHUU Ha C)KATHE
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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 bodies.
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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
0f 0.63 mm (a) and 2.5 mm (b) on time:
1 —TI, rate 1.5 mm/s; 2 — PS50/50, rate 1.5 mm/s;
3 —TI, rate 0.5 mm/s; 4 — PS50/50, rate 0.5 mm/s

Puc. 4. 3aBUCUMOCTH HaPsDKEHUH, COMPOBOXKAAIONINX CTAIUH YILUIOT-
HEHHMs /10 3HaYeHus nopuctoctr 0 % u pasrpyskn
OT BPEMEHH MPEeCcCOBOK n3 Matepuanos Mapok T'1 u [IC50/50
¢bpaxuuii 0,63 MM (a) u 2,5 MM (b):
1—T1, ckopocts 1,5 mm/c; 2 — I1IC50/50, ckopocts 1,5 mm/c;
3 —T1, ckopocts 0,5 mm/c; 4 — [IC50/50, ckopocts 0,5 Mmm/c
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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-
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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
0f 0.63 mm (@) and 2.5 mm (b) on time:

1 —TI, rate 1.5 mm/s; 2 — PS50/50, rate 1.5 mm/s;

3 —TI, rate 0.5 mm/s; 4 — PS50/50, rate 0.5 mm/s

Puc. 5. 3aBHCUMOCTH HANPSKEHUH, COTTPOBOKAAOIINX CTAIUN
YIUIOTHEHHsI 10 3HaueHus opuctoct 10 % U pa3rpy3Kku OT BpeMeHH
MIPECCOBOK, popMHUpyeMbIX n3 MaTepuaioB Mapok T1 u [1C50/50
¢bpaxuuii 0,63 MM (a) u 2,5 MM (b):
1—TI, ckopocts 1,5 mm/c; 2 — TIC50/50, ckopocts 1,5 mm/c;

3 —T1, ckopocts 0,5 mm/c; 4 — [1C50/50, ckopocts 0,5 Mmm/c

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 characteristic 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 values
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 R”.

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
values of final compact porosity), the higher the stress
value during pressing and, consequently, the higher
the compressive strength at sample failure.
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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 mm, rate 1.5 mm/s;
3 — fraction 2.5 mm, rate 0.5 mm/s; 4 — fraction 0.63 mm, rate 0.5 mm/s

Puc. 6. 3aBucuMOCTH TIpe/iesnia IPOYHOCTH Ha CKATHE OT MMOPUCTOCTH 00pa3IioB, CHOPMUPOBAHHBIX U3 (paKIMii MaTepPHUAIOB
mapok T1 (a) u [IC50/50 (b) mpu pazianvHBIX CKOPOCTAX MEPEMEIICHUSI PECC-ITyaHCOHa!
I — dpakuust 2,5 mm, crkopoctsb 1,5 mm/c; 2 — dpakius 0,63 mm, ckopocts 1,5 Mm/c;
3 — dpakuys 2,5 mm, ckopoctsb 0,5 Mmm/c; 4 — ppaxuust 0,63 MM, ckopocTts 0,5 Mmm/c

During the experiment, a visual assessment of the
failure 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
failure.

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.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

Puc. 7. Xapakrep pa3pylieH#s 00pa3IoB MPeccoBOK, CHOPMUPOBAHHBIX MTPU CKOPOCTH TIEpeMeIlieH s Tpecc-myaHcona 0,5 mm/c:
a—T1C50/50, IT = 0 %, ¢ppaxmus 0,63 mm;
b —TIC50/50, IT= 10 %, bpakius 0,63 Mmm
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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 values
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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MHHOBALIMU B METANINTYPTUYECKOM
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INFLUENCE OF COMBINED THERMAL EFFECT
OF ELECTRIC ARC WELDING WITH ALUMINOTHERMIC BACKFILL
ON INTERNAL STRESSES IN A STEEL PLATE

A. V. Tkacheva®, E. E. Abashkin

Institute of Metallurgy and Mechanical Engineering of the Khabarovsk Federal Research Center, Far-Eastern Branch of the
Russian Academy of Sciences (1 Metallurgov Str., Komsomolsk-on-Amur, Khabarovsk Territory 681005, Russian Federation)

&) 4nansi4@mail.ru

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 aluminothermic 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 aluminothermic 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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BNUAHUE KOMBUHUPOBAHHOIO TEN/1I0BOro BO3AENCTBUA
SNEKTPOAYIrOBOMW CBAPKU C ANIOMOTEPMUTHOM 3ACbINKOM
HA BHYTPEHHUE HAMNPAXEHUA B CTANbHOW NNIACTUHE

A. B. TkaueBa®, E. E. AGaluKuH

HHeTHTYT MalIMHOBeIeHUsI M MeTa/LTypruu Xabaposckoro ®eaepajbHOr0 HCCJIe10BATEILCKOr0 eHTpa /[a/iIbHeBOCTOYHOTIO
oraenenus PAH (Poccus, 681005, Xabaposckuil kpaii, Komcomonbek-na-Amype, yin. MeTamnypros, 1)

&) 4nansi4@mail.ru

AHHomauuﬂ. Pa6ora IIOCBANICHA aBTOMAaTHUYECKOU 9H€KTpOHyFOBOfI CBapke 1o CjIoem (1).]'[1003. C IPUMEHCHHUEM IIpHUCAJOYHOI0 MaTepuajla B BUIAC
aH}OMOTepMI/ITHOﬁ 3aCBIIIKU 111 COCAUHECHUA TOJICTOIUCTOBBIX KOHCprKHHﬁ. MaTepHan TUTACTUHBI IPUHUMACTCA yIPYTOIUIaCTHYCCKUM, I[e(i)op-
Malyy MaJIbIMU U COCTOSIIUMHU U3 YIIPYTUX U INTACTHICCKUX. OﬁpaTI/IMLIe (ynpyrne) ,HCCI)OpMaHI/II/I CBs3aHbI C HAIIPSKCHUSIMU 3aKOHOM I[IO&MGJ'IS[—
HeﬁMaHa, HeO6paTHMBIe (HHaCTH‘IeCKHe) 3apOXKAAr0OTCA U pacTyT 6nar0)1apﬂ IUIACTUYCCKOMY TCYCHUIO B paMKaX aCCOLMHMPOBAHHOIO 3aKOHa
IJIACTUYECKOTO TCUCHUS. 3a YCJIOBHC IIIACTUYCCKOTO TCUCHUS ITPUHATO MO,HI/I(I)I/IHI/IpOBaHHOC ycioBue MI/I3CCZ., B KOTOPOM YYHUTBIBACTCS BA3KOCTD.
VcTouHuK Tera OT aBTOMaTHYECKOU 3neKTp011yr01301>'1 CBapKu MOICIUPYETCH lIBOﬁHBIM OJUTUIICOUI0M, MPEIAJIOKEHHBIM II)KOH A. rOJ'IJlaKOM,
a TEIUIO OT XUMHUYECKOM peakuuu B obmactu (I)pOHTa TOpEHUS AJIFOMOTEPMHUTA 3aaC€TCsl 3HAYCHHUEM TCIIJIOBOI'O ITOTOKA. YprI‘I/IC MOAYJIN U IIpeaesI
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TEKy4eCTH 3aBHCST OT TeMIeparypbl. PaccMarpuBanuch miacTuHbl ¢ TommuHamu 12, 14, 16, 18 Mm. CpaBHUBAs MHTEHCHBHOCTb OCTAaTOYHBIX
HANpsDKCHUH B BEPXHEM U HIDKHEM CIIOSIX IUIACTHH H 110 UX TOIIIMHAM, MOXKHO YTBEPKIATh, YTO C MOBBIIICHUEM TOIIINHBI BO3PACTAIOT 00IACTH
pacnpocTpaHeHus BBICOKOH MHTEHCHBHOCTH OCTATOYHBIX HANPSDKEHUH M yBEIMYMBAIOTCS UX 3HAUCHHUs. DTH OONACTH pACIoaraloTcsi BHYTPU
Marepualia B OKOJIOIIOBHOM 30HE Ha yUacTKe CHHEIOMKOCTH. AHAJIU3HUPYs PaclpsIMIIEHHUs TTOJIel TeMIepaTyp JUls Cilydas JEeKTPOAyTroBOi CBapKH
C IIPUCAZ0YHBIM MAaTEPUAIOM B BUJIE AJIFOMOTEPMHUTHOM 3aChIIIKH U 0€3 HEro, yCTaHOBIICHO, YTO B PE3yJIbTaTe XUMHYECKON PeakIuu TeMIepaTypa
B 30He mBa nosbimaercs Ha 500 °C. DTo 1aeT BO3MOXHOCTD IS IPHIMEHEHHUS JAHHON TEXHOJIOTHH IPOBEICHHS CBAPOYHBIX PaOOT IpU HU3KHX

KIIMMaTH4YE€CKUX TEMIIEpaTypax.

Kawuesvle ci106a: nopoukoBelil pHUca0uHbIi MaTepyall, aTlFoMOTEPMHUs, IEKTPOYTroBas cBapKa, yImpyrocTh, INIACTUHYHOCTb, 3aChINKa, HU3KAs TEM-

neparypa

BbaazodapHocmu: Pabora BBINOIHEHA B paMKaxX TOCYIApCTBEHHOTO 3a1aHust XabapoBCKoro (eaepaibHOro HayqyHoro HeHTpa JalibHeBOCTOYHOTO OT/Ie-

nenust Poccuiickoii akageMuu Hayk.

/Jlnsa yumupoeanus: Tkauesa A.B., AGaukun E.E. BnusiHre KoOMOUHHPOBAHHOTO TEIJIOBOTO BO3ACHCTBHS 3JIEKTPOLYTOBOI CBAPKH C aTFOMOTEPMHUT-
HOW 3aChINKON HAa BHYTPEHHUE HANPSHKCHUS B CTAJIBHOM TUTacThHE. M36ecmus 6y306. Yepnas memannypeus. 2024;67(5):604-611.

https://doi.org/10.17073/0368-0797-2024-5-604-611

- 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.

[l 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 dl.j and consist of reversible e; and
irreversible p,; components:

d;=05(u, +u )=e,+p, (1)

g

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

o, = [re, —30K(T-T,)]5, + 2ue,, 2)

2 . .
where A, yu, K =§ p+A are the elastic moduli; a is the
coefficient of linear expansion.

The elastic moduli depend on temperature. In this
case, we use their linear dependence

E(x,y,z,t)= Ep - (Ep —EO)O(x,y,z,t);
v(x,y,z,t):0.5—(0.5—v0)9(x,y,z,t);
E vE IT,-T

— C = 0= ,
Y (Y R (R (T L s

)
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where £ and E are the Young’s moduli at room tempera-
ture 7 and at the melting point T, respectively; and v is
the Poisson’s ratio and v, 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

af(cif’n)
0

i

ef =dp; =do , do>0. @)

The Mises plastic flow condition is adopted as the
yield surface

\/%(Tif “nep)-- (v, —sf) =k ©)

where 1. =06..—93..06,, .. — Kronecker index, if i =, then
ij ij ij 02 7

e PV S p
6U=1,and1fz¢],then8ij—0,60—E(Sﬁ—géiycij,klsthe

yield strength dependent on temperature k= k0%
at 7= Tpk = 0.10 Pa; n is the material viscosity.

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

o,,;=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 geometry:
40x%20 mm) (Fig. 1, a) along the length of the future weld.
Ata 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

c(T)pZ—jzdiv[K(T)gradT]+q, (7)

where MT) is thermal conductivity, (W/m-°C); ¢(7) is
specific heat capacity (J/kg-°C); p is density (kg/m%); ¢ is
the volumetric power density of the heat source (W/m?).

606

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.

AT

630

s L5
aben”

S

where Q is the effective thermal power of the heating
source (for arc welding Q =n/U, in W); 1 is the time
since the source started, in s; ¢ 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;
/. and f, are coeflicients defining the ratios for heat intro-
duced into the front and rear parts of the ellipsoid; a_, a,,
b, c¢ are the respective radii of the normal distribution.
Based on the above, the relationship between coefficients
/. and f; is as follows:

2a; 2a
f‘s= S :ﬁ= !

ag + a;

s+ /=2,

as+a,

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

Fig. 1. Experimental setup

Puc. 1. IlocTaHOBKA 3KCHEPHMEHTA
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Aluminothermic
backfill
combustion front

Weld pool

Fig. 2. Task outline

Puc. 2. Cxema 3a1aun

_}\'[aa_:j:qw(x’ysz)’ (9)

where ¢, (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:

xZ—Tzkof(T—To),

Xi

(10)

where kof is the heat transfer coefficient with the sur-
rounding medium, equal to 6 W/(m2-°C). In the weld
area, the slag formed by the welding process reduced heat
dissipation from the plate surface to 3.5 W/(m?-°C).

Since A and ¢ are constants, the system of equations
(7) — (10) is solved using the sweep method.

[ CALCULATION RESULTS

We consider steel plates measuring 500x150 mm
with thicknesses of 12, 14, 16, and 18 mm and the fol-
lowing physical-mechanical characteristics: density
p =785 kg/m*; Young’s modulus E, =210 GPa at room
temperature and E =03 GPa at the melting point
r,= 1400 °C; Poisson’s ratio of 0.27; yield strength
of 255 MPa at room temperature; coefficient of linear
thermal expansion of 11.1:107° 1/°C; thermal conducti-
vity 55.5 W/m-°C; specific heat capacity of 482 J/kg-°C);
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

Lower layer

Upper layer

500 500

Length, mm

Width, mm
a b

Width, mm

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)

Puc. 3. Pactipenienienue TeMIeparypbl B BEpXHEM CJIO€ CTaJIbHOM
IUIACTHHBI, 00Pa30BaHHOE B PE3YJIBTATE AEKTPOIYTOBOIl CBApKU
¢ TIPUMEHEHUEM TIPHCaZouHOro Marepuaia (a) u 6e3 Hero (b)
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Fig. 4. Cooling time of a 12 mm thick plate

Puc. 4. BpeMsi 0CThIBaHUS TIACTHHBI TOTIUHON 12 MM

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.
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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).

Upper layer Lower layer

500 500
g
g
2
on
=
(]
|
0 0
—45 —45
Width, mm Width, mm
b
Upper layer Lower layer
500 500
g
g
=
B
=)
Q
|
0 0
—45 —45 45
Width, mm Width, mm

d

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 (a); 14 mm (b); 16 mm (¢); 18 mm (d)

Puc. 5. PacnipenienieHne MHTEHCMBHOCTH OCTATOYHBIX HAMPSDKCHUH, 00pa30BaHHBIX B PE3yJIbTaTe aBTOMATHYECKON
JIEKTPOAYTOBON CBAPKH C IIPUCAJOYHBIM MaTEPUAJIOM B BUJIC aJIFOMOTEPMHUTHOM 3aCHIIKH, B 3aBUCUMOCTHU OT TOJIIIMHBI IUTACTHHBI:
12 MM (a); 14 mm (b); 16 MM (c); 18 mm (d)
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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, @ 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

12

Thickness, mm Thickness, mm Thickness, mm

Thickness, mm

Width, mm

Fig. 6. Distribution of intensity of residual stresses located along
the plate center thickness and formed as a result of automatic electric
arc welding with aluminothermic backfill as filler material:

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

Puc. 6. PactipesieneHre HHTCHCUBHOCTH OCTATOYHBIX HANPSDKCHUH,
PacCIIOIOKEHHBIX 10 TOJIMHE B IEHTPE MIACTHHBI U 00pa30BaHHBIX
B PE3yNbTaTe aBTOMATHYECKON 3JIEKTPOIYTOBOH CBAPKH C IIPHUCAT0YHBIM
MarepuagoM B BUJIC aJFOMOTEPMHUTHOM 3aCBIIKH MPU TOJIMHE IJIACTHH:
12 MM (@); 14 mm (b); 16 MM (c); 18 mm (d)

12

Thickness, mm

0 15 30
Width, mm
Fig. 7. Distribution of intensity of residual stresses located along

the plate center thickness and formed as a result of automatic electric
arc welding without filler material

Puc. 7. PacnipezieneHne HHTEHCUBHOCTH OCTATOYHBIX HAIPSDKSHHH,
PACIONIOKEHHBIX MO TOJIINHE B LICHTPE IUIACTHHBI U 00Pa30BaHHBIX
B pe3yJIbTaTe aBTOMAaTHYECKON AIEKTPOAYTOBO CBapKU
6e3 MmpHCcag04HOr0 MaTepHana

(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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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.

Keywords: metallurgical processes, raw material preparation, crusher, energy efficiency, brittle material, shear

For citation: Nikitin A.G., Bazhenov .A., Kurochkin N.M. Improving the efficiency of raw material preparation for metallurgical processing. [zvestiya.
Ferrous Metallurgy. 2024;67(5):612—615. https://doi.org/10.17073/0368-0797-2024-5-612-615

MOBbIWEHUE 3®PEKTUBHOCTU NOATOTOBKU CbIPbA
Ana METANNYPIUMYECKUX NMEPEAENIOB

A.T. Hukutun!®, U. A. Baxenos?, H. M. Kypoukun!

! Cubupckuii rocyrapcrBeHHbI HHAYCTpUAALHBIH yHuBepcurer (Poccust, 654007, Kemeposckas o6i. — Kysbace, Hooky3Hellk,
yi1. Kupoga, 42)

2 Ypanbcknii Gpeaepannbublii ynusepeuter umenn nepsoro Ipesuaenta Poceun B.H. Enbuuna (Poccust, 620002, Exarepun0ypr,
yi1. Mupa, 19)

&3 nikitin1601@yandex.ru

AnHomayus. B meTannyprudeckoil IpOMBIIUIEHHOCTH TpuMepHo 40 % sHepruu, 3aTpaunBaeMoil Ha MOATOTOBKY CBIPbs AJIs JalbHEHIIero nepe-
Jielta, NPUXOIUTCS Ha TPOLECChl pa3pyLIeH s XPYIKUX MaTepraioB. V3mMensueHne ocyIecTBiseTcs Ha ApoOMIbHBIX MamnHax. U3 npoBenen-
HOTO aHaJIM3a pabOTHI APOOMIBHBIX MAIIHH, OTIHYAIONINXCS 0 CHOCO0y CO30aHMA B pa3pylIaeMoM Kycke XPYIKOTO MaTepHaia HalpsHKCHUH,
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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 Figure)
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 (/), 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 (7), 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 movable
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 4 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

CxeMa 1IeKOBOH IpoOMIBHOI MaIlIMHEL, paboTarOIIeH Ha C/IBUT:
1 — cranuHa 1pOOMIIKHK; 2 — OTIOPHbIIT LIAPHUD; 3 — MOJBIIKHAS 11EKa;
4 — KpUBOILINIT; 5 — IIATYH; 6 — 3arpy304Hasi TEUKa,
7 — IpOOMMBIN KyCOK; 8§ — pa3rpy304Hasi TeuKa
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ing from the upper edge of the movable jaw, is directed
tangentially to the trajectory of point 4’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 movab-
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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TYPE OF GENERALIZED MATHEMATICAL MODEL
FOR DESCRIBING LARGE HOT DEFORMATIONS
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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 mathematical 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
1Cr12Ni3Mo2VNDBN 12 % Cr steel deformed to a true deformation degree of ~1 at 1253 — 1453 K and a compression rate of 0.01 — 10 s!
in true coordinates (¢ and S). In this matrix, for each point of the experimental deformation diagram the stress S, the deformation degree
¢, the deformation rate ¢', and the temperature 7 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 QO — 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 (9, ¢', T) as

H+Ko+ M1l 1 ")+ Pl 1 '

log(S) = A+ Blog(¢) + Cllog(¢)] + Dllog(e)] + Elog(¢') + Flog(g) log(¢) + G £ + 1K+ Mlog(@) + ¥ T°g(“’ )+ Plog(@)108(@) 1he ¢ value
¢

was 6 % of § = 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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Bua O6OBWEHHOW MATEMATUMECKOW MOAENU
ANA ONUCAHUA BONbLUNX TOPAYUX EDOPMALIUNA

M. 10. BesioMmbITEB ©
| Hanmonanbuslii ncenegoparesbeknii Texnonornyeckuii yansepeutet « MUCHUC» (Poccus, 119049, Mocksa, Jleannckuii mip., 4)

&3 myubelom@yandex.ru

AHHOmayusA. B3auMocBs3b TeMIlepaTypHO-Ie(OpPMAaIIOHHO-CHIOBEIX [IAPaMETPOB B IIpolieccax ropsuei neopManyy HMEET BaKHOE 3HAUCHHE
B IpakTuke oOpaboTKM JaBneHueM. M3 ByX BapHaHTOB MOMCKAa M ONUCAHMS TaKUX CBs3eH (OCHOBAHHBIX Ha (PU3MUYECKUX 3aKOHOMEPHOCTSX
U MaTeMaTHYECKHX IPHEMax) B HEKOTOPBIX CIIydasX OKa3bIBACTCs 0oliee NMPOCTBIM CIOCO0 MAaTEMaTHYECKOrO IIOMCKA MCKOMOH 3aBHCHMOCTH.
VIMeHHO Takoii ImyTh peanu3oBaH B JaHHOI padore. /st 3Toro u3 oruppoBaHHbIX quarpamm aedopmanuu o0pasios xKapornpouHoit 12 %-Hoi
xpomuctoif cramu 1Cr12Ni3Mo2VNDN, nponehopMHpOBaHHBIX 1O HCTUHHOW cremeHu aedopmamuu ~1 mpu 1253 — 1453 K u crxopoctn
cxarust 0,01 — 10 ¢! B ucTuHHBIX KoopauHaTax (¢ u S) cO3JaBajlid MaTpMIly MCXOAHBIX JaHHBIX, B KOTOPOil Ul KaXIOH TOUKHM DKCIEPMMEH-
TaNbHOW JauarpaMmbl JedopMalii yKasbIBaIUCh HampspkeHHe S, CTerneHb AedopManuu ¢, cKopocth aedopmannu ¢ u temmeparypa 7.
[IpoBeneH MOMCK MareMaTH4ecKOW MOJENM B MYJIBTUILIMKATHBHOH (opMe, YTO MO3BOJIMIO JIOTapU(MUPOBAHMEM IIPUBECTH €€ K JMHEHHOMY
BUJLY, & JUIS TIOMCKA KOA(P(UIMEHTOB PH COMHOXKUTENSAX (@ MOCIie JIorapu(MUPOBAHUSI — MPU ClIAraeMbIX) MCIIOJIb30BaTh CTaHIAPTHBIC OIepa-
Tophl porpammel Mathcad, vcnonb3yromye anropuT™Mbel pacyeToB Ha OCHOBE METOJA HAMMEHBIIUX KBaapaToB. KauecTBO MoJenn OLEeHHBAIIN
KOJIMYECTBEHHO uepe3 pacyeT () — CyMMbI KBAJpaTtoB Pa3HOCTEH MEKIy pacueTHHIMH M DKCIICPUMEHTAIBHBIMHU 3HAYCHHSMH HAIPsDKCHUMH
C HOPMHUPOBKOH €€ Ha CpeJHee 3Ha4YeHHE HampshKeHust S OoT Bcero maccusa. [list HaiijieHHOW Hawmydiield ¢popmsl cesizu S = f (¢, ¢, T) Buga
@ , H+Ko+Mlog(g)+Nlog(¢) + Plog(e) log(¢")

log(S) = 4+ Blog(¢) + C[log(¢)]* + Dllog(e)]’ + E log(¢’) + F log(¢) log(¢") + G = + 7
o

3HaueHue Q
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cocrasuio 6 % or S = 130 MIla. YcraHOB/ICHO, 4TO HAliACHHBII BHJl MATEMATHYCCKOIO ONUCAHUS TOPsCi ACOpMALH IPUMCHHM K aHATH3Y
MPOLIECCOB ropsiueii edopMaIi CaMbIX Pa3HOOOPA3HBIX METAIMYECKUX MATePHAIIOB, IPH TOM TOYHOCTh HPOTHO3HBIX XapPAKTEPHCTHK HAIPSI-

skeHus fedopmupoBanus cocrasiser 3 — 11 %.

Kniouesvle caoea: ropsiuas nedopmanus, MareMaTnieckas MOJEINb, ypaBHEHHE ApPeHHyca, )KaporpouHasi BHICOKOXPOMMCTAsl CTallb, METO/ HAUMEHb-

HIMX KBagpaToB

st yumuposanusi: benombitueB M.IO. Bun 06001meHHON MaTeMaTHn4ecKoi MOJEIH UIsi ONMHMCaHKs OOJIBIINX Topsiuux aehopMatuid. HMseecmus

8y306. Yepnas memannypeus. 2024,67(5):616-624. https://doi.org/10.17073/0368-0797-2024-5-616-624

[ 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:

§=5,0" (H)
o = Ag"exp(ke); (ES)
S=K,0" +exp(K, + K,0); (L)

) g T-T. )"
G:(A+Bs )|:1+Cln[gﬂ(l—Tm_Trj ; (DK)
Z = éexp(R—QT]; (2)
€= AF (o) exp(—R—QTj, z1)

where S is the true stress, MPa; S, K, K|, K,, 4, o, n are
material constants, o = B/n; @ is the true strain, dimension-
less; o is the flow stress, MPa; ¢ is strain, dimensionless;
Z is the Zener-Hollomon parameter; ¢ is the strain rate, s™;
Q is the activation energy of hot deformation, kJ/mol; R is

the universal gas constant, 8.314 J/mol-K; T is the abso-
lute temperature, K; F(c) = 6%, ac < 0.8; F(c) = exp(Bo),
ac > 1.2; F(o) = [sink(aoc)]” for all other ao.

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

é = A[sin h((xc)]nexp(— p RQ—T] (A)

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:

1/n 2/n 1/2
o=t @ {@ +1} . @
o

£= DOEbAgéexp(—gji;
Ed

_B_O " - g l/n (g jl/Z
o="_'& exp( Bza)lnﬂAJ + A+1 . (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 do/d¢ 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

617


https://doi.org/10.17073/0368-0797-2024-5-616-624

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(5):616-624.
Benombvimyes M.H0. Buj, 0606111 HHON MaTeMaTH4eCKOW MO/IeJTH AJ1s OTMCAHUS GO/IBLINX TOpsYuX Aedopmanuit

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 ¢, strain rate
¢, temperature 7, and stress o) hat various researchers
aim to derive from experimental results is limited. These
include the general Arrhenius-type dependencies

o= Ae"g" exp(gj,
RT
the Zerilli-Armstrong dependency
o =C,+ C,&"exp[-C,T+ C,In(&)],

and the combined equation

n - m Qj
= Ae"exp(ke)e" exp| — |,
o xp(ke) XP(RT

where C;, C,, C,, C, are constants.

The relationship between all four variables (o, €, &, T)
can be represented by generalized model equations
(GM) [1; 11]

nem [ O j
o =Ae"¢"exp| = 1.1
p( RT (I.D
or after logarithmization
.. D
log(c) = A+ Blog(e) + Clog(¢) +F. (1.1a)

Combining equations (ES — exponential-power law)
and (GM — generalized model) [12] gives

n ~m Q j
G = Ag"exp(ke)e” exp| —
p(ke) p( RT
or after logarithmization
.. E
log(c) = A+ Blog(e) + C(e) + Dlog(€) + T

The generalized Zerilli-Armstrong equation [13] is
also known

6 =C,+ C,e"exp[(-C,T+ C,In(#)],
after logarithmization of which (assuming C,=0

at the initial cycle), the relationship between variables
can be expressed as a functional dependence in the form

log(c) = A + Blog(e) + Clog(é) + DT.
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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 € — stress ¢ while
varying the test temperature 7 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
mechanical 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 ¢’ throughout the entire test, and the recorded force
on the sample is converted into true stress S. When using
“true coordinates” S and o, the change in the dimensions
of the samples during deformation is taken into account
(when using “nominal coordinates” ¢ and ¢, 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 advisable
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 o(1/7)”).

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 ¢, strain rate ¢’, and temperature 7,
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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™! 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 ¢/,
and temperature 7 (in K). The dependent variable was
true stress S. A fragment of the initial data table is shown
in Table.
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Fig. 1. Curves of hot compressive deformation in true coordinates according to [12] at deformation rate, s™':
0.001 (a); 0.1 (b); 1 (¢); 10 (d) and temperature, K: 7 — 1253; 2 —1303; 3 — 1353; 4 — 1403; 5 — 1453

Puc. 1. Kpussle ropsiueit iepopManum cKaTueM B MCTHHHBIX KOOPMHATAX 110 JaHHBIM paboTsl [12] npu ckopoctu aedopmaimu, ¢
0,001 (a); 0,1 (b); 1 (¢); 10 (d) u Temneparype, K: 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 generalized Arrhenius-type dependency (GM).
Using the regress function from the Mathcad program,
the values of the coefficients 4, B, C, D were obtained
in equation (1.1a). After reversing the logarithmic form
of equation (1.1a) to the direct form (1.15) the following
equation was derived

6 =5.633-10"*"077g 01 exp(— 66'487]

RT

(R=28.315 J/mol-K). (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 (1.15)
(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
computed, normalized to the mean stress value S using
the formula

@

n

Q - ZS

For the model in the form (1.15), 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 (1.15) provides poor predictions for high-stress
intervals (the final sections of the compression curves
with large degrees of deformation) (Fig. 2).

Fragment of initial data array for analysis
of 1Cr12Ni3Mo2VNDN steel hot deformation

@parMeHT MacCHBA MCXOJAHBIX JAHHBIX /IS AaHAJIHM32
ropsiueii negopmanuu craan 1Cr12Ni3Mo2VNDbN

Number | S, MPa | ¢, fractionof 1 | ¢',s! T,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

620
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250 |
8
m —
= 200 8 6
2 o
oE 150 - 5,
8§ o o
100 F o° ©
O
(@]
50 |
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0 50 100 150 200 250 300 350
S MPa

calc >

Fig. 2. Comparison of calculated and experimental stress values
according to the model (GM)

Puc. 2. ComocTaBieHNE PaCYETHBIX U 3KCIEPUMEHTAIBHBIX 3HAYCHUH
HanpsbkeHui 1o mozeru (OB)

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=A()P10°® 3)

or, after logarithmization

log(8) =4, + B,log(9) + C,(¢) (a)
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 multiplier in the form of the ratio of the strain degree ¢
to the logarithm of this value:

D2(¢)
log(o)

log(S) = A2 + B2log(¢) + C2(p) + 4)

The quality of such equations, evaluated by the para-
meter O ranges from 0.5 to 1.7 % (Fig. 3), and the rela-
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tionship between variables in its direct form (without
logarithms) is described by the equation

D3(¢)

S =¢” exp[/B +C3() + —} (4a)

log(¢)

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/de. Such a feature of the curve
shape can be accounted for by introducing a third-degree
polynomial of strain ¢. Based on this logic, quadratic
and cubic terms of the strain degree ¢ were added to the
model in its logarithmic form:

log(8S) = A4 + B4log(p) + C4log(p)* + D4log(e)’ +

+ E4(q) + 2@

log(¢)

(40)

In its direct form, this expression is described by the
equation

F5(9)

AS+ES
HEer log(o)

S =exp

(PBS+C510g((p)+D5[log((p)]2

(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 complete
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 ¢
and the strain rate ¢’ were introduced (under the exponen-

200
O Soesed

150 - 1
<
¥
> 100
“

| | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Fig. 3. Description of S — ¢ dependences with formula (3):
O, O — experiment, dashed lines — calculated values;
1-T=1253K,¢'=0.1s12-T=1453K, ¢'=0.1s!

Puc. 3. Onucanue 3aBucumocteid S — @ popmyinoit (3):
O, O — 9KCIIEPUMEHT, IITPUXOBBIC JIMHUU — PACUCTHBIC 3HAYCHUS;
1-T=1253K,¢'=0,1 ¢, 2-T=1453K, ¢'=0,1 ¢!

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 (¢¢');

— dependencies on the square and cube of the strain
degree ¢ 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:

log(S) = 4+ Blog(g) + Cllog(¢)]* + D[log(¢)]’ +
+Elog(¢') + Flog(o) log(¢") + G[ﬂ,] "
¢

. H + Ko+ Mlog(p) + Nlog(¢') + Plog(o) log(¢")
T )

)

Finding the coefficients 4 — P for equation (5), which
ensures the minimum sum of squared differences between
the calculated S, 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

log(S) = —0.738 —1.311log(¢) — 0. 564[log(p)]* —
—0.13[log(e)]* +0.5841log(¢’) —

~8.779-10* log() log(¢) —1.18-10 (ij -
¢

L3727 10° +82.3519+1.096 107 log(¢) .

T
N 593.8log(¢") + 76.61og(p) log(¢) ’ (6)
T
300
200
]
[a W)
24\
U)%
100
| ]
0 100 200 300
S....» MPa

cale?

Fig. 4. Comparison of calculated and experimental stress values
according to model (6a)

Puc. 4. ConocraBieHHe PaCUueTHBIX U SKCIIEPUMEHTAIBHBIX 3HAYCHHUN
HaNpsDKEHUH 110 Mozen (6a)
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which can be transformed into its direct form:

S = 10704738 (@!)0.584 x

~1.311-0.564log(()—0.131[log()]> ~8.779-10* log(¢) y

x@
><exp{8583.3 +198.7¢ +2524log(p)
T
_1367.5log(¢") +176.41og(e) log(e')
T
—2.718-10‘{3]}, (6a)
¢
or with the temperature component separated:
§ = 1070738 ()58
% (p—m 1-0.5641og()—0.13 1[log(¢)]* - 8.779:10* log(¢) y
x exp{—2.718 107 (ﬁﬂ x
¢
o ex1{8583.3 +198.7¢ +2524log(¢)
T
_1367.5log(¢") +176.4log(¢) log((p’)} (6h)
. .
200
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¢

Fig. 5. Comparison of experimental (/) deformation curves
and dependencies constructed according to equation (6a) (2).
Deformation modes:
a—1253K,0.1s;5-1253K,1.0s™!

Puc. 5. ConocTtaBlieHHE SKCIICPHMEHTAIBHBIX KPUBBIX
nedopmanuu (/) U 3aBUCUMOCTEH, TOCTPOCHHBIX
0 ypaBHEHUIO (6a) (2) npH pexxuMax aedopMaum:
a—1253K,0,1 ¢, b—1253K, 1,0 ¢!
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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)

Puc. 6. M3menenne nokaszarens Q 00001IeHHO# Mozienu eopMalni B
(dopme (6a) B 3aBHCUMOCTH OT 00beMa BEIOOPKH
(o ocu Y oTMeueH Anara3oH HaOMIaBIINXCS 3HaUeHUH Q)

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 @, ¢’ and 7. 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 (6a).

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 Ni,;Cr,,Fe;.Mo, Mn,Cu,, from
the Inconel group [17], heat-resistant nickel alloys [18],
and the Ni,Cr,,Co,,Mo, ;W Nb, (Al .Ti . 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
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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 O,
indicator ranged from 3 to 11 %.

[ ConcLusiOoNs

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 0.857/7 ) and strain
rates between 0.01 and 10 s™!. 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 (¢, ¢’, 7) 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 ¢’ — 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 ¢’ is not
constant.
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