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Stages of technological improvement of the process of continuous casting of iron-
carbon and copper billets

Abstract. In the article there are presented the stages of improvement of the
process of continuous casting. It is revealed, that at the each stage of technological
improvement of the process of continuous casting, the damage parameters of billets
were reduced. Improvement of the process of continuous casting leads to the
improvement of the mechanical properties of the billets and the performance of
continuous casting machines. The first stage is shown as the process of transition of
the number of experimental developments into quality, during which the casting of
billets passed from an unstable process to a stable one. The second stage is
characterized by the creation of new improved continuous casting processes. So,
besides the existing machines of the vertical type, radial, curvilinear and horizontal
casting machines were invented. By the end of the twentieth century, this technological
process reached the limit of the possibilities for increasing the quality of performs, and
the productivity of continuous casting machines. It is shown that the third stage is
intended for continuous casting of copper alloys and is based on the influence of the
frequency of the movement of the billets and the reverse movement of the perform
during overcoming the static friction force. It was determined that for the frequency of
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movement of billets made of copper alloys, which are in the range of 2.5 ... 7.5 min,
the direction of its movement during overcoming the static friction affects the
mechanical properties of the billet. The fourth stage - causes an increase in the
mechanical properties of the billet due to the use of inertia forces in the alternating
movement of the billet. It was revealed that at the fourth stage the mechanical
properties of the billets increased most effectively, and the linear performance
increased from 0.4 ... 0.8 t0 2.5 ... 4.0 m/min, and in some cases to 5.0 ... 7.0 m/min.
Keywords: continuous casting of billets; reverse and forward motion; copper
alloys; damage parameter

Introduction.

Currently, the process of continuous casting is gaining immense popularity. For
example, in 1990, when analyzing the usability of this process, it was shown that in all
industrialized countries, from 88 to 95% of all the smelted metal and alloys were cast
on continuous casting machines. Over the past 20 years, the linear productivity of
continuous casting of steel billets has increased from 0.8...1.0t0 4.0...6.0 m/min. Today
many scientific researchers of continuous casting are concern with the ways of
improvement of the mechanical properties of the billets, which lead to high linear
productivity of continuous casting machines without reducing the quality of the billets.
These and other similar questions determined the relevance of this study and prompted
to analyze the entire history of improving the continuous casting process from the point
of view of the development of technological capabilities of the continuous casting
process, which arose in parallel with the development of the science of damage to
materials, namely the theory of continual damage.

We propose to divide the entire path of development of the continuous casting
process from its origin to the present day into four stages.

1. The first stage - the transformation of the number of experimental developments
that combine the design of machines and technological processes of continuous casting
during the transition from an unstable process of production of billets into a stable
process.

2. The second stage: expansion of opportunities for the continuous casting process
within the created interval of the rheological state of the billet, due to the current
cyclogram of the operation of the continuous casting machine and reaching the limit of
possibilities for increasing the quality of the billets and the productivity of continuous
casting machines.

3. The third stage is an insignificant increase in productivity of a horizontal
continuous casting machine (HCCM), an increase in the mechanical properties of
billets from copper (and non-ferrous) alloys and a change in the rheological state of the
billets due to a change in the direction of movement of the billet during overcoming
the friction and static force frequency of movement from 2.5 to 7.5 min.

4. The fourth stage causes a change in the rheological state of the billet and an
increase in the mechanical properties of the billets by reducing the parameter of its
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damageability, which depends on a significant increase in the frequency of movement
of the billet to 120...150 min?t and the use of inertial forces during alternating
movement of the billet aimed at mechanical effects in the emerging billet.

Thus, the main task of our work is to confirm the coincidence of the next reduction
in the damage of the billet and the declared next improvement of the continuous casting
process, as well as to show the connection of the reduction in the damage of the billet
with some changes in the control of the speed of the billet and the direction of
movement of the billet in the cycle.

Experimental and theoretical methods.

For the first time, the technology of producing billets was created and patented in
1826. In the work (Schwarzmeier, 1962, p. 62) it is indicated that the patent under
No. 3023 under the name “Lead pipes” was obtained by J. Lying in the United States
of America in 1826. The process of continuous casting efficiently differs from the
process of casting into molds in that the billet is continuously moving along the
stationary water-cooled wall. As a matter of fact, an analog of the conveyor production
of billets was developed, which according to calculations made it possible to
significantly increase the productivity of the created machine and increase the yield of
casting from 65...70% to 90...94%.

At the end of the 19th century, the growing demand for industrial billets required
manufacturers to create a new technological process for producing billets with higher
productivity of the manufacturing process and a higher density of billets and usable
casting yield. The disadvantage of the process with non-stop motion of the billet was
that fatigue processes were not studied in the billets located in the crystallization
temperature range, which led to the appearance of micro cracks and their rapid
development. As a result, a billet was obtained, which cannot be further processed or
a breakage” of the billet was obtained in the plane perpendicular to the axis of the billet,
which caused the termination of the casting process. During the time from the first
patent to the continuous casting method to the present day, the continuous casting
process has evolved from an unstable process to a stable, automated continuous casting
process.

Periodically, industrial enterprises impose demands on producers of billets to
increase the productivity of continuous casting machines and improve the quality of
billets. Apparently, these requirements were once again voiced in the 30s, the results
were obtained in the middle of the 50s. This can be confirmed by the quotation by V.
Schwarzmayer, who in 1957 in the preface to the German edition of the book
«Continuous Casting» wrote the following: « ... in the last 25 years, several methods
have Dbeen practically applied, further improved by certain companies»
(Schwarzmayer, 1962, p. 68).

The horizontal continuous casting machine built by the Ukrainian Research
Institute of Metals for the Leninskaya Kuznitsa plant in the 1980s looked like this,
Fig.1. At that time, the “movement — pause” cyclogram was laid in the HCCM, as in
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all continuous casting machines of the former USSR. This machine worked from 1984
to 1991.

Figure 1. Horizontal continuous casting machine for copper alloy billets
(Author's photo).

The main method for determining the damage parameter of copper alloys billet of
the BrT5Z5SL5, BrO10P, and BrAI9I3C made on a horizontal continuous casting
machine at the frequency of the billet movement in the range of 2.5...7.5 min- and at
different directions of movement of the billet during overcoming the force of static
friction. Most often, to determine the damage parameter of continuously casted billets,
the following operations were performed:

- production of billets for copper alloys samples of the BrT5Z5L5, BrO10P and
BrAI9I3C with various technological parameters of the continuous casting process
according to the following scheme on an experimental machine for horizontal
continuous casting (Fig. 2).

Figure 2. Experimental machine of horizontal continuous casting of copper alloy
billets «Energoprom» LLC (Author's photo).
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At this horizontal continuous casting machine, bronze billets of BrT5Z5L5 with
a diameter of 0.5 m were obtained at various frequencies of the movement of the billet.
It was necessary to conduct statistical studies to determine creep. 30 samples were
made for each frequency of the movement of the billet listed in the Table 1.

Table 1. Planning the modes of movement of billets for making samples for testing.

Billets The direction of movement
) ) Number of
Name of movement of the billets while X
. ) billets for
copper alloys | frequency, f, overcoming the static samoles. pes
mint friction force pIes, p
2,5 30
5,0 Reverse 30
7.5 30
BrO5Z5C5 25 30
5,0 Progressive 30
7,5 30

— tensile test according to GOST All-Union State Standard 1497-84 (Metals, 1984);
— creep test according to GOST All-Union State Standard 3248-81 (Metals, 1981).

For a better understanding of the processes occurring in the sample during testing,
in table 2 we give the chemical composition of bronzes of various grades, from which
the test samples were made. For convenience, in this table, each chemical element is
designated by generally accepted chemical symbols.

Table 2. The chemical composition of the applied bronzes.
The chemical composition of the main components, (wt%o)

Bronze grade

Sn Al Zn Pb Fe P Cu
BrO575C5 4.0-6.0 - 4.0-6.0 4.0-6.0 - - additives
BrO10P 9.0-11.0 — — — — 04-1.1 additives
BrA9I3C - 8.0-10.5 — — 2.0-4.0 — additives

Thus, as it was shown by experiments of testing samples on an AIMA 5-2
machine, as the temperature increases (7.) from (0.3...0.5) 7. to (0.9...0.95) T, the
creep rate of the viscous portion of the billets, which is located in the mold, increased
tens of thousands of times. Given these conditions, for the implementation of these
tests, a new way to test samples at temperatures (0.9...0.95) 7i and improved standard
equipment were developed and patented (Fig. 3), (Khoroshylov, Ponomarenko, &
Shatahin, 2006a; Horoshilov & Ponomarenko, 2007).
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Figure. 3. Scheme of an improved machine for testing specimens of copper alloys in
the temperature range (0.9-0.95) T (Horoshilov & Ponomarenko, 2007):

1 — cylindrical heat-shielding casing; 2 — top link; 3,4 — upper and lower electric
heaters, respectively; 5,6 — temperature regulators for the upper and lower electric
heaters, respectively; 7, 8 — upper and lower thermocouples, respectively; 9 — thrust
of direct loading; 10 — cargo; 11 — vertical rod; 12 — support; 13 — horizontal bar; 14 —
plate of thermal stress compensator; 15 — sample for testing; 16 — deformation
indicator 17 — block for comparison of temperatures from thermocouples.

At this horizontal continuous casting machine, bronze billets of Br T5Z5L5 with
a diameter of 0.5 m were obtained at various frequencies of the movement of the billet.
It was necessary to conduct statistical studies to determine creep. 30 samples were
made for each frequency of the movement of the billet billets in the Tab. 3.

Table 3. Planning the modes of movement of billets for making samples for testing.

Billets . . Number of
The direction of movement of .
Name of movement . ) . billets for
the billets while overcoming
copper alloys frequency the static friction force samples,

f, min? pcs
2,5 30
5,0 Reverse 30
7,5 30
BrO5Z5C5 2.5 30
5,0 Progressive 30
7,5 30
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Statistical processing of the results of measurements of creep indices in the
crystallization temperature range (Horoshilov, Mel'nichenko, & Segal, 2017):

— to determine the damage parameter of samples from the indicated grades of
copper alloys that are in the crystallization temperature range (0.9...0.95) T\, we use
the Bailey-Norton and Rabotnov-Kachanov formula (Bailey et al., 1968; Kachanov,
1958; Orowan, 1952; Rabotnov, 1959):

— there is a special technique for determining the coefficients for equations (1) and (2),
described in (Breslavskij et al., 2007; 2008), and according to which experiments
should be carried out according to the data presented in Table 4.

Table. 4. Timing of destruction of samples at two boundary temperatures T1 and T>
and two boundary pressures 61 and 6;.

o Temperature | Pressure Time
} T, °C 6, MPA t, s
1 Ty 61 Specific experimental values
2 Ty 62 Specific experimental values
3 T 61 Specific experimental values
4 T 62 Specific experimental values

Since in the crystallization temperature range, creep is the main mechanism of
deformation and fracture, then from the data presented in Table. 2 (at the time of
destruction time known from experiments) there is a method for determining the
coefficients n, &, fo, which is described in (Breslavskij et al., 2008):

— processing the results of experimental studies to determine the creep of the
samples before their destruction obtained at various technological parameters of the
continuous casting process were obtained by the following method described in
(Horoshilov, Mel'nichenko, & Segal, 2017);

— based on experimental studies to determine the degree of increase in the
mechanical properties of the billet as by increasing the duration of the pause (with the
cyclic movement of the billet), and due to a complex action: increase the frequency of
movement of the billet and the direction of movement of the billet during overcoming
the static friction force (Khoroshylov, 2013, p. 22).

Results and its discussion.

The main condition by which we will determine the emergence of a new stage in
the improvement of continuous casting is a slight decrease in the damage parameter of
the billets. Reducing the damage parameter allows you to change the rheological state
of the billet, which allows you to improve the mechanical properties of the billet, and
this in turn allows you to improve the performance of the continuous casting machine.

Due to the fact that in the process of continuous casting there are two opposite
actions, that is why the following rule can be applied to this casting process: changes
in the mechanical properties of the billets (by reducing the damage parameter) follow
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the change in the sequence of technological operations. This rule is valid for any stage
of technological improvement of the continuous casting process.

The first stage is the stage of unstable operation of continuous casting machines,
turning the number of experimental studies from the first quarter of the nineteenth to
the sixties of the twentieth century into an increase in the stability of the continuous
casting process, the quality of the billets and an increase in the productivity of
continuous casting machines. Despite the fact that the first patent for the design of the
machine and the implementation of the continuous casting process was obtained in the
first quarter of the nineteenth century, however, a more meaningful improvement to
the process already created was started only in the end of X1X till the beginning of XX.

The most active in those years was the work on mastering the process of
continuous casting in Germany. The first patent in Germany, according to
(Schwarzmeir, 1962, p. 9), was a mold for casting wire, which in 1883 was received
by E. Levanser (1882) from Paris. Thus, from 1883 to 1913, 36 patents were registered
in Germany, with many applicants from such countries as Britain, the United States,
and France. It could only mean that in the four countries there was a powerful industrial
complex, which allowed itself to build patented continuous casting machines. At that
time, the theoretical and practical issues of reducing the rate of fatigue in metals and
alloys did not find wide applications in industry. The time for the emergence of
progressive methods for casting billets came only when it was necessary to organize
the production of billets on an industrial scale from alloys, to which higher demands
were placed on their mechanical properties.

In 1914, a patent (Person, 1913) for a method and device for the vertical
semicontinuous casting of tubular billets with the help of a crystallizer that billets
reciprocating movements. This method was simultaneously patented in Germany,
Britain, the USA and Austria. Vertical continuous casting with a "swing" of the mold
formed a separate direction, which was constantly improved and began to appear in
other countries (Person, 1913). It should also be noted that, until 1963, vertical-type
continuous casting machines were used on an industrial scale, in which the billet was
formed and cut on a vertical section.

It must be said that the significance of this technical solution Person "mold swing"
will be disclosed later. In order to preserve the "swinging of the mold" in the vertical
plane, the designs of the continuous casting machines will be changed. However, it is
necessary to take into account the technological necessity, in which the vertical axis of
the workpiece should be maintained at the inlet of the melt to the mold, and at the exit
of the workpiece from the machine, it should have a horizontal axis.

In the same period, a patent was obtained for a method for the production of billets
from metals prone to cracking, which was claimed in 1944, and obtained in 1953
(Schorndorf, 1944). In the same period, two more technical solutions registered in
German patents were developed. So in 1939, H. Ruppik (Germany) filed a patent
(Ruppik, 1939) for the method of continuous casting of steel billets, and in 1953,
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P. P. Brenner received a patent (Brenner, 1942) for a method of casting billets of
unlimited length.

From this it follows that at the first stage of technological improvement of the
continuous casting process by the middle of the 50s, technical solutions were obtained
that allowed reducing the damage parameter of the billet — these are patents (Brenner,
1942; Person, 1913; Schorndorf, 1944), on the basis of these technical solutions it is
also possible to cast steel billets. There is also a British patent and a US Patent for a
continuous casting plant (Mellen, 1915) with a priority date of 1915 and 1916, but after
this message, there was no tangible development of events on the issue of continuous
casting of steel due to the unsatisfactory stability of the continuous casting process. As
the author (Shatagin, Sladkoshteev, & Vartazarov, 1974, p. 88) points out, with non-
stop movement of the billet from copper alloys during continuous casting “even at very
low casting speeds of the order of 0.05...0.13 m/min, the process was stopped at the
very beginning due to the breakage of the billet (Fig. 4). On the basis of 60
experimental castings, it was established that the stability of the casting process is
ensured when the billet moves with periodic stops. In the middle of the 60s of the XX
century, the authors of work (Shatagin, Sladkoshteev, & Vartazarov, 1974, p. 76)
developed the process of continuous casting of copper alloy billets for horizontal
machines.

Figure 4. Billet, which was taken from the non-stop movement (Shatagin,
Sladkoshteev, & Vartazarov, 1974, p. 76)

The second stage began in the period from the mid-60s to the 90s of the twentieth
century. The active development of the developed technologies takes place. A brief
classification of methods for the production of billets is presented in Fig. 5.

In the late 50s, articles were written on the issue of creep, damage, and long-term
strength. In the 60s...70s the books of Y. N. Rabotnova, L. M. Kachanova and
I. I. Malinin appeared (Katshanov, 1974; Malinin, 1975; Rabotnov, 1966). After that,
the theory turned into a practical plane. Standardization of Bailey-Norton and
Rabotnov-Kachanov on the determination of damage parameters for structural
materials, systems at a temperature from 0.3 to 0.5 liquidus temperature (T.) of the
alloys under studly.

In the 1980s, an idea emerged about determining the damage parameter of a
viscous section of a solidifying billet in order to control the damageability of the billet
using the technological parameters of the continuous casting process. To estimate the
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value of the damage parameter at all stages of technological improvement of the
continuous casting process, a unigue method was used at all stages to determine the
rheological state of the billet based on the Bailey-Norton and Rabotnov-Kachanov
equations to estimate the damage parameter of continuously cast billets (Bailey et al.,
1968; Kachanov, 1958; Orowan, 1952; Rabotnov, 1959).

Classification of methods of non-spur casting of
billets from copper and iron-carbon steels

Solid workpieces Hollow hillets of Solid billets made Billets made of
copper alloys copper alloys of steel cast iron
"ertical semi- Vertical semi- i
‘I:eral semi ertical semi C.untmuuus. Hollow billets are vertical
impermeahle continuous casting on radial

- q i-perfi Idi
casting casting machines semi-perforated molding

. Horizontal Unbreakable Solid billets are
Horizontal non- s E = :
. . continuous casting on curved horizontal non-spill
stick casting 3 . 2
casting machines casting

Continuous casting on horizontal
machines

Figure 5. Classification of methods of non-spur casting of billets from copper and
iron-carbon steels

Before determining the parameter of damage to the billet, depending on the
continuous casting conditions, it is necessary to determine the forces acting on the billet
on the experimental machine, and then on the testing machine at the temperature
corresponding to the crystallization temperature interval, determine the creep rate with
the corresponding force acting on the billet. After that, according to the method
described in (Breslavskij et al., 2008), the damage parameter was determined.

For the calculation of stress fields, deformations, displacements, and a parameter
of damage, software programs designed to solve creep problems under a two-
dimensional stress state are usually used. The analysis of the obtained results shows
that the processes of damage accumulation slow down with the further solidification
of the local part of the billet (Breslavskij et al., 2007).

Analyzing (Shatagin, Sladkoshteev, & Vartazarov, 1974, p. 88) the basic
technological parameters of horizontal continuous casting of 140 experienced castings
of solid and hollow bronze billets, the authors indicate that «...with the periodic pulling
of solid billets, it was possible to immediately increase the casting time to 13 hours and
12 minutes». For hollow billets, casting time increased from 12 minutes to 10 hours
and 45 minutes.
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In addition to the technical re-equipment of the metallurgical complex and an
intensive experimental search in the developed countries of the World, in 1952, 1958,
and 1959 the works of such scientists in the field of damage zone (destruction of metal
structures) were published. Such scientists as E. Orowan, L. M. Kachanova and
Y. N. Rabotnova, and in 1968, there were published the works of the following authors:
P. B. Bailey. These works will further be the basis for creating formulas for
determining the parameter of damageability of metal structures. One of the varieties of
these formulas:

e=L0,-0 -exp(k,-T)t, (1)
o = Kexpi[(k2 -T) )

*

where € is a creep test sample, %; o is a stress in the sample, MPa; o, is a long-term

strength, which is the stress in the cross-section of the billet, leading it to destruction
over time t,.7 — test temperature, °C; t is the current time, sec.; K,z,,n k k, are

empirical coefficients.

Based on experimental data, empirical coefficients were obtained (Breslavskij et
al., 2007; 2008). For this purpose, experimental studies have been carried out in the
temperature range of crystallization to determine the dependencies of damage (creep)
as a function of temperature and time. As a result of these data, a methodology was
developed for determining empirical coefficients. It is shown in the works (Breslavskij
et al., 2008) and (Khoroshylov, 2013, p. 21), a change in the sequence of technological
operations in the process of continuous casting, which led to a decrease in the parameter
of damageability of the billet. The reasons preceding the change in the sequence of
technological operations were that, after a pause, the beginning of the movement in the
subsequent cycle was associated with overcoming the force of static friction. The
tensile force acting on the billet during the overcoming of the friction force of rest
(FFR), 2 times greater than the effort to overcome the force of sliding friction. This
suggests that during the overcoming of the FFR, the rate of damage to the billet
increases significantly. So, during the overcoming of the FFR, microcracks are likely
to form, which develops during the overcoming of the sliding friction force, forming
already visible cracks.

This results of experimental studies presented in the work (Khoroshylov, 2013,
p. 22), in which the phenomenon of reducing the parameter of damage to the billet
when using reverse movement while overcoming the static friction force with the
frequency of its movement in the mold 2.5...7.5 min, is identified.

At the same time, it was not previously taken into account that, after a pause
during the start of the movement, the billet must overcome the force of static friction.
As it was shown in the work (Khoroshylov, 2013, p. 23; Khoroshylov, Podolyak,

227


http://www.hst-journal.com/

http://www.hst-journal.com Icmopis nayku i mexHiku, 2020, mom 10, sunyck 2

History of science and technology, 2020, vol. 10, issue 2
Kuryliak, Kipensky, & Lomakin, 2020) in which, during the overcoming of the friction
force of rest in the cross-section of the billet, there are forces that are 1.42—2.0 times
greater than the force of sliding friction. It is known that during the cyclic movement
of the billet inside the mold, a force is applied to the billet, which is able to overcome
the force of static friction. Therefore, the reason for the occurrence of microcracks lies
precisely at the moment of overcoming the friction force of rest under the condition of
the translational movement of the billet. After the formation of a microcrack during
overcoming the force of sliding friction, the microcrack develops and turns into a crack.

In the work (Breslavskij et al., 2007), it was decided that in order to avoid the
appearance of microcracks while overcoming the static friction force, it was decided
to make a reverse movement. During the reverse movement, the overcoming of the
friction force at rest occurs during the compression of the billet, this significantly
reduces the possibility of microcracking. It was tested both on the experimental and
industrial continuous casting machines at LLC «Energoprom», Kharkiv. During the
tests of technological parameters of the continuous casting process, according to the
researchers, the indicators of the speed and step size of the reverse movement of the
billet were rational to use and were patented (Horoshilov et al., 2008; Khoroshylov,
Ponomarenko, & Shatahin, 2006a; 2006b). However, the quality of the charge
currently in circulation does not allow to obtain billets with acceptable mechanical
properties that could be obtained earlier.

Refusal of non-stop movement of continuously cast billets became possible after
obtaining a patent (Person, 1913), in which the technological process of vertical semi-
continuous casting (intermittent casting) was developed using the reciprocating vertical
mold and the design of a semi-continuous casting machine.

As the author of (Khoroshylov, 2013, p. 1) points out, the Ukrainian Scientific
Research Institute of Metals (USRIM) V. Sladkoshteev, O. Shatagin played a major
role in creating horizontal continuous casting machines for billets of iron-carbon and
non-ferrous alloys. However, the first specialists in the USSR to create horizontal
machines were the brothers A. N. Myasoedov and A. N. Myasoyedov (Myasoyedov,
1939), although their research is little known. Indeed, there are copyright certificates
relating to this period of work USRIM (Sladkoshteev, Shatagin, & Krupennik, 1965;
Sladkoshteev et al., 1967; Sladkoshteev, Shatagin, & Vartazarov 1968a; 1968Db;
Sladkoshteev et al., 1968) in which the sequence of inventive work of the institute is
displayed.

A distinctive feature of the continuous casting of non-ferrous alloys is that the
billet is in contact with the intermediate graphite bushing, in contrast to the fact that
steel billets should be cast only in copper crystallizers. A graphite sleeve paired with a
hardened billet of copper alloys has a friction coefficient (FC) of about 0.1, and a pair
of copper (crystallizer) — low carbon steel (billet) FC — 0.36.

In the 1960s, in spite of the fact that the origins of the theory of continual damage
appeared, the need to pause during continuous casting was heuristically justified,
probably by V. T. Sladkoshteev and O. A. Shatagin. The sequence diagram with a
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pause duration allowed the horizontal positioning of the mold, both for casting non-
ferrous and for iron-carbon alloys. In those years, it was problematic to create a
horizontal “swinging” mold due to the sliding joint of the metal receiver and the mold.
In addition, in the same years, machines with various technological processes for
the production of pipes were also built for the casting of cast iron billets of standard
length. So in 1964, work appeared on mastering the production of pipes on centrifugal
casting machines, and four years later, in Belarus, a plant was built for continuous
casting of cast iron pipes using the method of vertical semi-continuous casting with a
“swinging” mold (Ivanov & Baranov, 1968, p. 176; Baranov, 1968, p. 124). The
advantage of these processes is that the yield of continuous casting is 10...12% higher
than that of centrifugal.

The desire to reduce the height of the vertical continuous casting machine has led
to the creation of installations of radial and curvilinear types. On the radial caster, the
mold and the secondary cooling device guides are located on an arc of a certain radius.
At the end of the radial section, the billet passes through the correcting and pulling
rollers and is brought to the horizontal position, in which cutting to measured lengths
is performed. On a curvature-type caster, the mold and a part of the secondary cooling
zone have a constant radius, then the radius increases, and the billet gradually
straightens.

HCCM of radial and curvilinear types, in which the incompletely hardened billet
goes to the horizontal section. This allows you to significantly increase the speed of
continuous casting with large sections of the billets, since the cutting site can be located
at a sufficiently large distance from the mold (30-35 m). The total height of such
installations, as a rule, does not exceed 12 m (Kovrjakov, 2004, p.13; Nikiforov,
Vdovin, & Piksayev, 2004; Yamaguchi, Sawai, & Nakashima, 2013, p. 7).

With the horizontal arrangement of the mold, it was decided to abandon its
forward-return motion. In the cyclogram of the movement of the billet it was
significantly increased the duration of the pause. From the data presented in the work
(Berner & Kronmyuller, 1969, p. 89) on the basis of pilot industrial studies, the
duration of the pause afterward began to exceed the duration of the translational
movement of the billet in 3...4 times.

Refusal from the non-stop movement of continuously cast billets could
theoretically be possible after the publication of papers: (Bailey etal., 1968; Kachanov,
1958; Orowan, 1952; Rabotnov, 1959) in which the mechanisms of crack development
are considered and mathematically described and are estimated long-term strength
using a sample with a crack perpendicular to the direction of stretching. Indicators that
affect the damage to the billet are presented in this work. The most common type of
damaged billet is a crack, it is caused by the creep of the test specimen, equation (1).
In turn, creep is influenced by the stress in the cross section of the sample (fig. 2 item
16), temperature, which affects the strength properties of the test specimen and the time
the voltage is applied to the sample. Equation (2) is the long-term strength of the
material of the billet or sample, which in turn is represented by specific stress in the
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cross-section of the billet. This voltage should lead to the complete destruction of the
sample or billet over time (Breslavskij et al., 2008).

Ten years later, monographs on the subject of continuous casting of steel billets
and billets of copper alloys were published (Shatagin, Sladkoshteev, & Vartazarov,
1974, p. 7; Shatagin & Sladkoshteev, 1976, p. 5), which identified the advantages and
disadvantages of operating continuous casting machines.

The first stage of improving the continuous casting process (ICCP) implies two
cases of changing the sequence of technological operations. In the first case, this is a
change in the non-stop movement of the billet on a forward-return ("swing" of the
mold) and the second case is a change in the non-stop movement of the billet on a
cyclical movement, with time out for pause. In these two cases, the researchers
gradually reduced the damage parameter of the continuously cast billet to a certain
value corresponding to the level of technological development.

«Swinging» (alternating movement) of the mold is a translational-return
movement of it, in which, despite the non-stop movement of the billet, the speed of
movement of the mold relative to the billet has a variable value at which the minimum
speed of their relative movement is zero. It should be noted that on a vertical continuous
casting machine, the billet moves at a constant speed, and the mold makes up and down
cyclical movements. When moving up the mold creates tensile stress in the billet,
contributing to the appearance of deformations and microcracks in the frame of the
billet, and when moving down the mold creates compressive stresses in the billet that
contribute to the closure of microcracks. The “swinging” of the mold introduced into
the first stage of the ICCP an increase in the frequency of the billet movement relative
to the mold up to about 30...60 min (once a minute), as well as the possibility of
stopping the billet, due to which the movement of the billet appeared to be cyclical and
decrease its destruction rate in comparison with the non-stop movement).

In addition, as indicated above, the translational movement of the mold due to the
compression force can completely or partially close the microcracks that appear, which
in turn improves the mechanical properties of the billets (Person, 1913). Therefore, in
the same time period, a patent was obtained for a method for the production of billets
from metals prone to cracking, which was claimed in 1944 and obtained in 1953
(Schorndorf, 1944).

As follows from the literature, in the period from the mid-10s to the 50s...60s of
the twentieth century, the following stages of the first stage of the technological ICCP
were carried out, which made it possible to reduce the damageability:

1. It became possible to carry out the reciprocating-progressive movement of the
mold relative to the billet (Person, 1913);

2. Getting a method for producing a billet of unlimited length means the
appearance of several things:

2.1. Firstly, billets of unlimited length from non-ferrous alloys can be obtained
only on machines of the horizontal type;
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— for horizontal casting, the cyclogram of operation of a horizontal continuous
casting machine did not apply the “swinging” of the mold, and the movement of the
billet was carried out according to the scheme: “movement — pause”;

— the appearance of a pause in the cyclogram made it possible to regulate the
mechanical properties of the billets (the methods for regulating which are discussed
below);

2.2. Secondly, for the continuous casting of steel billets, the design of a radial
continuous casting machine was created. The design assumes to combine the positive
qualities of the "swinging™ mold and bring the technological axis of the billet (or slab)
into a horizontal plane, which will allow obtaining billets of unlimited length.

The second and third stages of improving the continuous casting process are based
on the development of patents (Person, 1913; Ruppik, 1940). Patent (Person, 1913) has
allowed ensuring an acceptable quality of the billets and the speed of continuous
casting on vertical continuous casting machines when the mold is “swung”. At present,
vertical semicontinuous casting machines are still preserved for casting their cast iron
hollow billets. However, there are drawbacks of a constructive solution with a vertical
technological axis of the billet:

— this design limits the length of the cast billet.

— creates a danger in the delivery of molten metal to a height of more than
20..30 m;

The second patent (Ruppik, 1939) provided for obtaining billets of unlimited
length. At the moment, there are two options for obtaining billets of unlimited length.

Benefits:

1. In the technological plan, instead of the non-stop movement of the billets, it
was carried out:

— in the case of vertical continuous casting, the non-stop movement of the billet
is replaced by alternating cyclic movement (“swing” of the mold);

— for the created horizontal process of continuous casting with the cyclic
movement of the billet according to the “movement-pause” scheme, time was paused,
and the duration of the pause was 3..4 times longer than the duration of the
translational movement of the billet.

2. Changing the design of the continuous casting machine. After 1963, a
horizontal continuous casting machine for casting non-ferrous and iron-carbon alloys
was created in USRIM (Kharkiv). The height of the continuous casting machine for
non-ferrous alloys had a height of 1.75...2.5 m. This allowed the horizontal continuous
casting machine to be positioned in almost any workshop of the machine-building
complex during its reconstruction.

Disadvantages:
1. Cracks continued to appear on the surface of the billets even after the
introduction of a new technology, both when exceeding the allowable productivity for
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this stage of improving the continuous casting process, and when using secondary
materials in the manufacture of billets.

2. It has been determined that the appearance of cracks is influenced both by the
composition of the charge of the billet and the modes of operation of continuous casting
machines.

3. As it turned out later, the HCCM cyclogram with a pause limited the
productivity of machines at 0.5...0.3 m/min, in the production of billets of copper alloys
with a diameter of 0.08...0.1 m and up to 0.4...0.8 m/min in the production of steel
billets square size 0.15x0.15 m.

Let us accept the following assumption that the third and fourth stages of
development conditionally began in the 1990s...2000s with a change in the frequency
of movement of the billet in the mold. In work (Valuev, 2014, p. 200) it is reported that
as of 2000, “The experience accumulated all over the world showed that at higher
casting speeds (V =5.2 m/min) the quality of cast billets is the same or even better than
when casting at normal speeds. This work was done by «Voest-Alpine-Stahl» (VAS,
Austria).

The third stage refers to the improvement of the process of continuous casting of
billets from copper alloys in conditions of an increase in the frequency of movement
of the billet, and the fourth stage refers to the improvement of the casting process of
iron-carbon metals and alloys. These stages are very different from each other.

To increase the productivity of horizontal continuous casting machines, new mold
designs and continuous casting methods were developed for the Karaganda
Metallurgical Plant (Kazakh SSR). So, in the 80s of the last century, the following
copyright certificates were obtained by the staff of the foundry department of the
Kharkiv Polytechnic Institute (Shatagin et al., 1985). This method was conceived as a
method and device for increasing the productivity of the HCCM from steel to points
above 1.0 m/min.

Substantial efforts of specialists from USRIM were subsequently concentrated on
developing the concept of horizontal continuous casting machines for metal, which
became widespread in non-ferrous metallurgy. It should be noted that the experimental
studies, which resulted in obtaining author's certificates (Sladkoshteev, Shatagin, &
Vartazarov 1968a; 1968b), were carried out on a horizontal continuous casting machine
built by USRIM specialists at the Karaganda Metallurgical Combine.

Until the 80s...90s in all countries the use of the continuous casting process was
expanded. For example, in the work (Adno, 2001, p. 63), the author indicated that over
the last 4 thousand years, more than 11 billion tons of ferrous metals were produced in
the world, of which more than 80% were in 70 years of the last century. In support of
this, it was shown in the work (Reshenie nauchno-tekhnicheskogo seminara, 1996) that
the volume of billet production by continuous casting in various countries is: the United
States — 88.9%; EU countries — 93.7%; in Japan — 96.9%, Ukraine — 8% and (3.5%
worldwide).
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Around the same time, the work was appeared that emphasized the advantage of
horizontal continuous casting machines in comparison with vertical machines on the
part of managers of large firms in the developed countries of the world. It is indicated
that, as of 1990, in the world, horizontal machines were used to produce 68% of round
billets from steel 0.08...0.12 m in size (Shatagin & Sladkoshteev, 1976, p. 24).

The theory of continual damage, expressed in the form of the Rabotnov-Kachanov
equations (Kachanov, 1974, p. 15; Malinin, 1975; Rabotnov, 1966, p. 7), appeared in
the second half of the last century. According to the classical Kachanov-Rabotnova
theory, the current state of internal damage of a sample can be represented using a
single scalar parameter (damage parameter) @, which is a monotonically increasing
function with time O<w<1. The damage parameter is interpreted as a relative reduction
due to the effective, load-carrying area of the cross-section distributed within the micro
defects sample. Material degradation is explained as a gradual decrease in the effective
area, which actually carries a tensile load and determines the resistance of the specimen
to stretching. Since the mechanics of Bailey and Norton worked in parallel, this law
was named after all the authors: Bailey-Norton and Rabotnov-Kachanov.

As part of the second stage, studies were conducted on the issue: changes in the
parameters of the damageability parameter of copper alloy billets when the frequency
of the billet movement in the mold varies from 2.5 to 7.5 min-, taking into account that
the cycle of the billet motion begins with a reverse movement. Experimental studies
have confirmed that when using a cyclogram of the movement of billets according to
the scheme «reverse motion — translational motion-pause», the damageability of billets
is much lower than that of billets made on the same machine, but according to the
cyclogram: «translational motion — pause». On the basis of this, a technological process
of continuous casting of copper alloy billets was developed, which was protected by
utility models (Khoroshylov, Ponomarenko, & Shatahin, 2006b; 2006c).

The essence of changes in technological operations, presented in the work
(Breslavskij et al., 2008), was to exclude the effect of tensile forces in the cross-section
of the billet due to changing the direction of movement of the billet during overcoming
the FFR, and then there is a translational movement of the billet to a predetermined
length. Thus, we obtain the following sequence diagram of the motion of the billet:
“reverse - translational movement - pause”. To understand the process by which the
damage parameter decreases, we turn to Fig. 5 which shows that when the billet moves
with a frequency of 7.5 min, the following change in the damage rate occurs with a
different direction of the billet movement during the overcoming of the FFR.

Thus, in the work (Breslavskij et al., 2007) it was concluded that due to the
implementation of the reverse movement of the billet in time to overcome the FFR and
increase the frequency of advancement of the billets in the range of 2.5...7.5 min?, a
new approach was created to reduce the damage parameter of copper alloys in the range
0of 0.3t00.1.

It is known technological process of improving the quality of the billets and the
performance of a horizontal continuous casting machine under similar conditions
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during continuous casting of steel, which could later become a useful prototype for
improving the efficiency of continuous casting of copper alloy billets, when the cyclic
movement of the billet in the mold is carried out according to the scheme: movement
- reverse movement-pause”.

The third stage of improving the process of continuous casting is based on the
influence of the frequency of movement of the billet on its damage parameter, as well
as on the influence of the direction of movement of the billet in time to overcome the
FFR on the damage parameter. It was determined that for the frequency of movement
of billets located in the range of 2.5...7.5 min, the mechanical properties of the billet
(temporary resistance to rupture) are influenced by the direction of movement of the
billet during overcoming the FFR.

Based on the statistical processing of experimental data obtained as a result of the
determination of creep, presented in (Horoshilov, Mel'nichenko, & Segal, 2017), in
Fig. 6, dependences of the influence of the frequency of motion of the billet 1 and 2
are plotted, as well as the direction of its movement during overcoming the static
friction force on the parameter of damageability of the billet (Breslavskij 1998;
Breslavskij et al., 2008). In addition, Fig. 5 shows the effect of dependencies 1 and 2
on the mechanical properties of the billets (dependencies 3 and 4).
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Figure 6. The effect of the frequency of movement of the billet with a diameter of
0.05 m on the parameter of its damage using reverse and progressive motion while
overcoming the static friction force (Khoroshylov, 2013, p. 22): 1,2 —the dependence
of the change in the value of the parameter of damage to the billet on the frequency of
its movement in the mold during the progressive and reverse motion of the billet
during overcoming the FFR; 3,4 - Dependences of the power limits while stretching
the bronze billets of the BrT5Z5L5 on the damage parameter.
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The dependencies shown in Fig. 5 allow us to make a comparative assessment of
the change in the damage parameter for cyclograms created in the second and third
stages of improving the process of continuous casting. So, according to the cyclogram
created at the second stage (dependence 1), the billet in the cycle moves only
progressively. With an increase in the frequency of movement of the billet from 2.5 to
7.5 min-1, the parameter of damageability of the billet increases (dependence 1), and
its mechanical properties decrease (dependence 3). Dependence 2 shows the change in
the parameter of damage to the billet, provided that during the overcoming of the FFR
it makes a reverse movement. Dependencies 2 and 4 indicate that increasing frequency
of movement of the billet leads to the following processes:

— increase the parameter of damage to the billet from 0.224 to 0.3, while reducing
the tensile strength of the billet under tension from 234 to 219 MPa;

— reduction of the damage parameter from 0.175 to 0.1, with an increase in the
tensile strength of the billet under tension from 242 to 255 MPa;

Thus, the use of the element "swing" of the mold in the form of a reverse
movement of the billet during overcoming the FFR while simultaneously increasing
the frequency of movement of the billet from 2.5 to 7.5 min-* allows increasing the
tensile strength of the billet under tension from 242 to 255 MPa.

Advantages:

1. As it follows from (Khoroshylov, 2013, p. 22), this improved continuous
casting process allowed to increase the machine productivity by 25.5...56.3%, to
increase the mechanical properties of the billet: temporary tensile strength by
12.4...15.8%.

2. LLC «Energopromy is the enterprise where the patent of Ukraine No. 79415
was introduced in 2007, as well as the process of continuous casting in 2011.

Disadvantages:

1. There is no availability to conduct experimental studies on the manufacture of
copper alloys billets with a frequency of movement of the billet from 60...120 min
due to the lack of appropriate equipment (drive and non-friable crystallizer);

2. Low rates of increase in productivity HCCM and increase the mechanical
properties of the billet.

Thus, during the work of the third stage we can draw the following conclusions:

1. The second stage began in 1995 with information about the possibility of
increasing the frequency of movement of the billet in a horizontal mold. The stage
ended with the improvement of the technological process of continuous casting of
copper alloy billets, the implementation of the results of work in Energoprom LLC in
Kharkiv in 2011, and the patent of Ukraine No. 79415 in 2007, in 2002 also in the
Tsiboropteks enterprise in Dubai, UAE.

2. The reverse motion of the billet during the overcoming of the FFR eliminates
the formation of micro-cracks at the initial moment of movement and further
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development (microcracks) during the overcoming of the sliding friction force. This
causes a decrease in the damage parameter, and the higher the frequency of movement
of the billet, the more significantly the damage parameter decreases. So, at a frequency
of 7.5 min?, the damage parameter (®) with the reverse movement of the billet
(technology of the second stage) was 0.1, and  for the billet without reverse movement
(technology of the first stage) was 0.3.

3. The development of new metal or metal-ceramic coating can contribute to the
replacement of the graphite sleeve of the mold when casting copper alloy billets, in
turn, this will increase the frequency of movement of the billet in the mold above
7.5 mint, which will significantly increase the mechanical properties of the copper
alloys billets.

The fourth stage began with the creation of a project to improve the process of
continuous casting of steel with a frequency of alternating movement of the billet to
150 mint, we will conditionally assume that this happened in 1995...2000 and is
happening now. The fourth stage is not limited only by increasing the frequency of
movement of the billet in the mold and monitoring the damage parameter of
continuously cast billet.

The objectives of the fourth stage are the integration of all scientific, technical and
technological solutions and regulation of the productivity of the continuous casting
machine and the quality (mechanical properties) of blanks with high stability
(reliability) of the machine.

By the fourth stage of improvement, the continuous casting process can be
classified according to the following criteria.

[ IN THE DIRECTION OF THE TECHNOLOGICAL AXIS
OF THE CRYSTALLIZER

« vertical continuous casting
* horizontal continuous casting

BY ALLOY

* non-ferrous alloys: aluminum and copper alloys
* iron-carbon alloys: iron and steel

[ ON THE CONFIGURATION OF THE TRANSVERSE
SECTION OF THE BILLET

scircle, square, pipe, rectangle, (slab) and many others

[ FOR DEFORMATION UNDER CONTINUOUS CASTING
OF BILLET

stransverse bending deformation occurs during continuous casting on radial and
curvilinear machines while straightening the axis ofthe billet of steel in a straight
line, when it rotates from a vertical position to a horizontal one

Figure: 7. Classification in the direction of the axis of the billet, by alloys, cross-
section of the billet and the deformation to which the billet are subjected on radial
and curvilinear machines.
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For the further development of the fourth stage, specialists involved in continuous
casting are working in various directions. For example, the author of (Verzilov, 2018,
p. 20) investigated the stabilization of hydraulic processes in a vertical crystallizer,
(Meshhaninova, 2000, p. 15) improved the technological process for the production of
high-quality billets, (Andrianov et al., 2010; Gunenkov, Andrianov, & Prokhorenko,
2005) are working on the modernization of the steelmaking industry. Work
(Mazumdar & Ray, 2001) is aimed at controlling the solidification of billets during
continuous casting of steel. Much attention is paid to the control of the structure of the
workpieces depending on the processing of melts (Narivskij, 2006, p. 24; Ukhin, 2012),
as well as the change in technological parameters (Neklyudov, Sokolenko, & Netyosov,
2008). Significant results will be used to improve continuous casting productivity and
improve quality.

The fourth stage is currently used for the continuous casting of iron-carbon alloys.
The main objective of the fourth stage is reducing the damage parameter by increasing
the frequency of the billet movement to the interval of 120...150 min, as well as using
inertial forces during alternating movement of the billet to mechanically affect the
damaged parts of the forming billet, which leads to an increase in the linear productivity
of the continuous casting machine with given mechanical properties of the billets.

An advertising article that appeared on the Internet resources from Spetsmash
LLC reports the following: “We develop and manufacture continuous steel casting
plants, which are new generation machines for domestic metallurgy. Our specialists
have manufactured a drive that allows developing the frequency of cycles up to
120...150 per minute, according to the progressive “jerk — reverse stroke — pause”
scheme that is used on almost all foreign machines, which made it possible to pour
only high-quality carbon and low-alloy steels (Fig. 8).

Figure 8. Horizontal continuous casting machine for steel billets with a
diameter of 0.08 m designed by LLC «SPETSMASH», commissioned in 2002—-2003
(press release «<SPETSMASH» LLC, 2005)
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The advertising information from also reports on the performance of the HCCM,
developed by them (press release «SSPETSMASH» LLC, 2005). So, round and square
billets with a diameter of 0.08...0.1 m have a linear capacity (V, m/min) —
2.5...4.0 m/min, billets with a diameter of 0.1...0.125 m are poured at a speed of
1.8...2.5 m/min, and billets with a diameter of 0.11...0.145 m — at a speed of
1.5...2.0 m/min. In recent years, we have seen that the world community has made clear
progress in terms of the spread of the continuous casting process. There were
publications from India, that in this country both non-ferrous and iron-carbon alloys
are produced by continuous casting. This indicates the trend of moving the construction
of new metallurgical complexes in the rapidly developing countries (Kumar, Suresh,
& Van Swygenhoven, 2003, p. 5751; Yamaguchi, Sawai, & Nakashima, 2013, p. 17).

Each enterprise chooses the quality level of the billet, or the productivity of
continuous casting machines. In 2010, for the future, the process of continuous casting
of steel was being developed, which will allow us to have a continuous casting speed
in the range of 0.5...0.8 m/min. In fact, this only indicates that these developers have a
goal to significantly improve the quality of billets (Smirnov, 2010). A six-roll
production line of square billets of 0.15x0.15 m made of steel was also launched at
public company Arcelor Mittal Kryvyi Rih, and in 2019 another line of producing a
0.13x0.13 m square is expected. The average linear productivity of the machine when
casting billets 0.15x0.15 m is 2.2 m/min, and the weight is 100 thousand tons per month
(Press —release: «Arselormittal Kryvyi Rih», 2011).

In 1984 the thesis “Development of parameters of blues non-continuous casting
machines with electromagnetic stirring for the production of billets of high-quality
steel” was defended (Shifrin, 1984, p. 12).

And despite the fact that this dissertation work was defended before 2000, its
theme is very consonant with modern tasks that metallurgical enterprises face: building
bloom machines, using electromagnetic stirring with reversing the direction of the
magnetic field. This work is aimed at the development of technological parameters of
the bloom machines of the radial or curvilinear type. The development of technological
parameters is complicated by the fact that the technological parameters must take into
account the deformation processes that occur in curved sections of the trajectory of the
billet (bloom). There are also dissertations made in the XXI century aimed at solving
problems of improving the quality of continuously cast slabs during their casting from
steel of wide grade composition (Shpak et al., 2008).

At the beginning of 2000, the production of steel billets began to develop rapidly,
the essence of which was that this technological process by increasing the frequency
of movement of billet from 60...90 to 150 min-* and cyclic reverse movement in the
mold according to the scheme: "jerk-reverse -pause". This allowed increasing the linear
productivity of HCCM from 1.0 to 4.0 m/min on a wide range of sizes. The speed of
continuous casting of billets (slabs) is currently reaching 5.0...7.0 m/min. (Press —
release: «SPETSMASH» LLC, 2005). It should be noted that the specificity of the
thermal operation of the mold of a continuous casting machine is such that the smaller
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the cross-section of the billet, the higher the casting speed and vice versa. Therefore,
for billets of a size range, for example, of a circular section from 0.04 to 0.2 m, it can
be in this range (5.0...7.0 m/min) of the linear productivity of the machine (Press —
release: «Arselormittal Kryvyi Rih», 2011) Fig. 9. It should be noted that in the
converter shop of Public company Arcelor Mittal Kryvyi Rih, the first continuous
casting machine for steel square billets 0.15x0.15 m in size with a design capacity of
1.2 million tons per year was put into operation in the year (Press —release:
«Arselormittal Kryvyi Rih», 2011). Figure 9 shows the machine.

Figure 9. A six-roll continuous casting machine for billets of steel 0.15x0.15 m in

size at the converter shop of Public Company «Arselormittal Kryvyi Rihy»
(Press —release: «Arselormittal Kryvyi Rihy, 2011)

Currently, two more continuous casting machines for steel billets with a section
of 0.15x0.5 m and 0.13x0.13 m are being built. Supplier of basic equipment SMS
Group (Germany). The design capacity of the second and third machines will be 1.2
and 1.4 million tons per year. Thus, we conditionally identified four stages of
improving the process of continuous casting of billets from 1826 to the first quarter of
the twenty-first century (Table 5.)

From table 5 it follows that data on the damage parameter are available only in
those cases where they were determined. At the moment, these data are available only
for billets from copper alloys obtained at the «Leninskaya Kuznitsa» plant and at
«Energoprom» LLC. Such an effective damageability (0=0.6...0.7) of the billet, shown
in Fig. 4, was obtained in conditions of non-stop traffic (Shatagin, Sladkoshteev, &
Vartazarov, 1974, p. 76). An expert assessment of the damageability parameter was
obtained 30 years after the experiment by O. A. Shatagin.

The table includes experimental data obtained on samples of copper alloys tested
in the crystallization temperature range in the range (0.9...0.95) T, for continuous
casting processes related to the second and third stages, on the basis of which
dependences 1 and 2 were constructed (Fig. 6).
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Table 5. Indicators of linear productivity causing different values of the parameter of
damageability of the billet and the stability of the continuous casting process

Linear productivity Parameter of
(m/min) of billets copper damaging the -
alloys with a diameter produced billets, Stab'“.ty of the
Years Stages 0.08 m © continuous
V, m/min, or for a square | (According to fig. casting process
of steel 0.15x0.15 m 6)
Steel: No data No data The process is
not stable
) (Expert review:
1826...1960 | First stage 0.6...0.7)
L Cast from 0.2 to
Copper No data (Shatagin, 9.2 m per
alloys: Sladkoshteev, & (.:astin
Vartazarov 1974, g
p. 76), (fig. 4)
0.7...1.0
. Karaganda The process is
Steel: Metallurgical No data stable
Second Plant.
1960....1995 stage 0.25...0.35
Coppe.r Lenln_ska’}/a 0.275. 031 The process is
alloys: Kuznitsa”, stable
Kiev, (fig. 1)
Steel: No data No data No data
0.3...0.5
1995... Third stage «Energopromy,
Copper Kharkiv, (fig. The process is
) 0.1...0.175
alloys: 2) stable
(Khoroshylov,
2013, p. 21)
Fourth , 2.5...4.0 The process is
1995... stage Steel: 40. 6.0 No data stable

Despite the fact that damage data is available only for copper alloys for the second
and third stages, we conduct an indirect assessment of the reduction of the damage
parameter from stage to stage in terms of linear performance. So, if at the second stage
of improving the continuous casting process, the average speed of continuous casting
of steel billets with dimensions of 0.15x0.15 m was 0.8...1.0 m/min, then at the fourth
stage, billets of the same size are cast in some cases at a speed of 2.5...4.0 m/min, and
in other cases — 5.0...7.0 m/min. Also from the data presented in table 4, it follows that
the fourth stage of improving the process of continuous casting causes a significant
increase in linear performance.

240


http://www.hst-journal.com/

http://www.hst-journal.com Icmopis nayku i mexHiku, 2020, mom 10, sunyck 2

History of science and technology, 2020, vol. 10, issue 2

Based on the foregoing, the rate of change in the process of continuous casting

will increase. The following changes that improve the quality of the billets can be

expected within 10-15 years. However, major changes in the design of the continuous

casting machine will probably not be possible, since efforts can be directed at changing
the specific qualities of the billet, which can only affect minor changes in the design.

Conclusions.

Based on the analysis of the stages of improvement of the billets, the stages of
technological improvement of the process of continuous casting of iron-carbon and
copper billets, we can draw the following conclusions:

1. It is shown that, indeed, each stage of the improvement of the continuous
casting process is associated with a decrease in the damage parameter, which in turn
led to an increase in the mechanical properties of the billets, which in turn increased
the linear productivity.

2. It was determined that in addition to the non-stop (continuous) movement of
the billets from 1826 to 2018, there were applied the following types of cyclic
movement of continuously cast billets:

— alternating movement (“swing”) of the mold on vertical continuous and semi-
continuous casting machines; on radial and curvilinear machines with a frequency of
alternating movement of the mold up to 100...250 min-;

— the cyclic movement with the release of time for pauses according to the
schemes: “translational movement — pause” and “reverse - translational movement -
pause”’; during the pause time, damaged parts of the billets (microcracks) are partially
restored depending on the pause duration;

— cyclic alternating movement of the billet with a frequency of up to 150 min-!
using the inertial component of the movement.

3. It was determined that the mechanical properties of the billet increased on the
one hand while reducing the frequency of the movement of the billet, i.e. according to
the cyclogram developed at the second stage of the continuous casting process
improvement. On the other hand, the mechanical properties of the billet increase:

— when increasing the frequency of movement of the billet in the range of
2.5...7.5 mint and the reverse movement of the billet during the overcoming of the
FFR (third stage);

— when increasing the frequency of movement of the billet in the range of
90...150 min* and the translational movement of the billet during the overcoming of
the FFR (fourth stage).
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Outer Xopomnjios
VYkpaiHcbka 1H)KEHEpHO-TIeIaroriuHa akajaeMisi, Y Kpaina

Banentuna Kypuasik
VYkpaiHCchbKkuil T'yMaHITapHUN 1HCTUTYT, Y KpaiHa

Ouaer Iogoasik
VYkpaiHcbKa 1H)KEHEpHO-TIeIaroriuda akajaemis, Y Kkpaina

ETanu TexHoJI0TiYHOI0 BIOCKOHAJIEHHS Npolecy 0e3nepepBHOro JUTTS
3aJ1i30ByrJielleBUX i MiTHMX 3ar0TOBOK

Anomayia. Y cmammi npedcmagneni emanu B800CKOHANIEHH NpoOYecy
besnepepenoco aumms. Buseneno, wo Ha KOJMCHOMY emani mexHOJI02IYHO20
800CKOHAIEHHST npoyecy be3nepepsrHoco Tumms 6i00)8anN0Csa 3HUNCEHHS napamempa
NOWKOONCYBAHOCMI 3a20MOBKU. Y OOCKOHANEeHHs npoyecy 0e3nepeperHoeo Jummsi
003601UNI0 HA KONCHOM) emani NiOSUWUmuy MeXaHIYHI GIACMUBOCMI 3A20MOBKU I
NPOOYKmMueHicms mawiun 6esnepepenozo aumms. Illepwiuii eman, noxasauui 5K
npoyec nepexoody KilbKOCMI eKCnepuMeHmanibHux Hanpayo8aHs 6 AKiCmb, NPU AKOMY
UMM 3a20MOBOK NEPeUUuLo 3 HecmabilbHO20 npoyecy ¢ cmabinoHuil. /[pyeuti eman
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0XapaKxmepu308aHUutl. CMEOPEHHAM HOBUX YOOCKOHANEHUX Npoyecie Oe3nepepeHozo
aumms. Tax, Kpim ICHYIOUUX MAWUH 86PMUKATILHO20 MUNY OYIU BUHAUOEH] MAUUHU
PpaoianbHo2o, KPUBONIHIUHO20 MA 20PU30HMAIbHO20 aumms. []o Kinys XX cmonimms
yeu 8apianm MmMexHoJL02IUHO20 NPOYeCy GUUULOB HA MENCY MONCIUBOCIEN 3POCMAHHSL
AKOCMI 3a20MOBOK I NPOOYKMUBHOCMI Mawun be3nepepsrozo aumms. Iloxazawno, wo
mpemiii eman, NpusHaweHull 05 Oe3nepepeHoeo IUMmms MIOHUX CHaasis i, 08
3ACHOBAHUL HA BNAUBI YACMOMU PYXY 3A20MOBKU MA PeBEPCUBHO20 PYXY 3A420MOBKU
nio uyac noOONaHHA Cuau mepms Cnokow. Busznaueno, wo Onsa uacmomu pyxy
3020MOB0K 3 MIOHUX CNIAGI6, WO 3HAXOOUMbCS 6 inmepéani 2,5...7,5 x6™t na mexaniuni
B1ACMUBOCMI 3A20MOBKU BNIUBAE HANPAMOK ii pYXy Ni0 Yac NOOONAHHS CULU Mepms
cnoxoro. Yemseepmuii eman — 0OyMO6M0€ NIOBUWEHH MEXAHIYHUX 6IACMUBOCMEL
3020MOBKU 3A PAXYHOK BUKOPUCMAHHA CUN [Hepyii Npu 3HAKOSMIHHOMY pYCi
3aeomosku. Busenewo, wo Ha uemeepmomy emani HAUOLIbUWL eGeKmusHo 3pociu
MEXAHIYHI 61ACMUBOCMI 3A20MOB0K, A JNIHIHA NPOOYKMUBHICMb NIOBUWULACS B0
0,4...0,8 m/x6 00 2,5...4,0 m/x6, a 6 desaxux eunaoxax 0o 5,0...7,0 m/xs.

Knrwouoesi cnosa: 6e3nepepsre numms 3a20Mo80K,; pesepCuHuUll i NOCMynaibHuil
PVX; MIOHI CNIA8U; napamemp nOUKOONCEeHHs.

Outer Xopomnjios
YKpanHCKas HH)KEHEPHO-TIEIArOruyecKas akajaeMus, Y KpanHa

Banentuna Kypuasik
YKpanHCKU TyMaHUTapHBIM HHCTUTYT, Y KpanHa

Ouaer Iogoasik
YkpanHCKasi HHKECHEPHO-TIEAAaroruyecKas akajaemusi, Y KpanHa

ITanbl TEXHOJOTHYECKOI0 COBCPILICHCTBOBAHUA IIPpOIECCA HECIIPECPBIBHOI'O
JIMThA KEJIC30YIJICPOAUCTHIX H MECIHBIX 3aIr0OTOBOK

Annomauyus. B cmamve npedcmasienvl 3manvi COBepUIeHCMB08AHUSL NPOYecca
HENnpepulBHO2O Uumbvs. Bulagneno, umo Ha Kax)cooM smane MmexHONI02UUEeCKO20
COBEPUIEHCBOBAHUSL NPOYECCd HeNpepvbl8HO20 UMb HPOUCXOOUNO CHUICEHUE
napamempa nospexicoaemMocmu  3a20moeKu.  Ycosepuiencmeosanue npoyecca
HENnpepulBHO2O JNUMbsL NO36OJUN0 HA KANXCOOM 3IMane NO8blICUMb MEXAHUYECKUe
CBOLLCMBA 3A20MOBKU U NPOU3BOOUMENbHOCMb MAWUH HENPepbleHo20 aumbsl. llepsblil
9man NOKA3aH KaxK npoyecc nepexood KoJauvecmsa dSKCNePUMEHMAIbHbIX HApabomox
8 Kauecmeo, npu KOMopoM JTUmve 3a20Mo80K NEpeuio U3 HecmabuibHO20 npoyecca 8
CMaOUbHBL. Bmopoii aman oxXapaxkmepu3o08au cozoanuem HOBbIX
VCOBEPUIEHCNBOBAHHLIX ~ NPOYECCO8  HENpepuleHo2o  aumvs.  lax,  Kpome
cyuecmsyrowux MAwud 8epmMuUKaIbHO20 MmMuna OblLiu  U300pemensbl  MauUHbl
PaouaibHo20, KpUBOJIUHEUH020 U 20pu3oHmanvno2o aumes. K xounyy XX cmonemus
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OQHHBIU BAPUAHM MEXHON02UYEeCKO20 NPOUEecca Bbludell Ha npeodeil 803MONCHOCmel
pocma Kauecmea 3a20mo60K U NPOU3800UMENIbHOCIU MAWUH HENPEPbIBHO20 JIUMbL.
Tlokazano, umo mpemuii sman, nPeoHA3HAYEHHbIL OJIS HeNPEPbIBHO20 UMb MEOHbIX
CNaaeos, ObLL OCHOBAH HA GIUSHUU YACTMOMbL OBUIICEHUS 3A20MOBKU U DEBEPCUBHO20
O0BUICEHUS 3a20MOBKU 80 8PeMSsL NPeo0OoaeHUs CUNbl mpeHust nokos. Onpedeneno, Yumo
07151 HACMOmbl OBUNCEHUSL 3A20MOBOK U3 MEOHbIX CNIAABO8, HAXOOAUCIUCS 8 UHMep8ale
2,5..7.5 mun na mexamuueckue ceoticmea 3a20mo6Ku 6nUsEN HANDAGIEHUE ee
08UdICEHUsT 80 BpeMsl NPe0O0oJieHUs. CUlbl mpeHuss nokos. Yemeepmoiii sman —
obycrasnueaem nNoOGvbIUUEHUE MEXAHUYECKUX CBOUCME 3A20MOBKU 34  CHem
UCNONB308AHUSL CUNL UHEPYUU NPU 3HAKONEPEMEHHOM OBUICEHUU 3A20MOBKIU.
Buisgneno, umo ma uemeepmom smane Haubonee IPGexmusHo B03pOCaU
MexaHuseckue C8olUCmea 3a20MmoeoK, a JTUHEUHAS NPOU3BOOUMENbHOCL NOBLICUNIACD
om 0,4...0,8 m/mun 00 2,5...4,0 m/mun, a 6 Hexkomopwix cayuasax 0o 35,0...7,0 m/mun.
Knwuesvie cnosa: Henpepvignoe Jumve 3a20MOB0K, pPEBEPCUBHOE U
nocmynameibHoe 08UNCEHUE;, MeOHble CHILABbL, NAPAMEMDP NOBDEHCOEHHOCMU
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