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This issue of the magazine is dedicated to the memory of our
colleagues - outstanding scientists and teachers

Dnipro Metallurgical Institute (formerly DMetl ), a part of the Ukrainian State University of
Science and Technology (UDUNT), has been training pipe rolling specialists for over 50 years. Over
the past years, the departments of metal pressure processing and technological design have grad-
uated about 1,250 specialists in the field of pipe rolling. Our graduates have always been in demand
by Ukrainian pipe enterprises, companies: INTERPIPE, CENTRAVIS, TRUBOSTAL,
UKRDYPROMEZ, PROMINVEST ENGINEERING, foreign metallurgical companies, such as
DANIELI.

This is due to the level of training of specialists, which was carried out by outstanding scien-
tific teachers, such as Academician Chekmarev O.P.; Professors, Doctors of Technical Sciences:
Vatkin Ya.L., Druyan V.M., Danchenko V.M., Kozhevnikov S.M., Khanin M.I.

Chekmarev Druyan Volodymyr Danchenko Valentyn Khanin Mark
Oleksandr Petrovych Mykhailovych Mykolayovych Isaakovich

It should also be noted that a number of scientists who worked in the industry pipe laboratory
of the institute and pipe factories took an invaluable part in the training of young people: candidates
of technical sciences Perchanik V.V., Chernyavsky A.A., Pavlovsky B.G. and others.

Kozhevnikov Sergey Gulyaev Gennady Perchanik Viktor
Nikolaevich Ivanovich Volodymyrovych
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Hogi MeTai030epirar4i TexHoJ10rii NpOKaTKu TPYO

Balakin V.F., Stasevsky S.L., Uhriumov Yu.D., Uhriumov D.Yu., Nykolaienko Yu.M.
New metal-saving technologies of pipe rolling

AnHomauis. lMpokamka moHKkocmiHHUX mpy6 3 D /S=12,5-40 Ha ninizpiMog8oMy cmaHi cyrnpogoodxyembcs 3Ha4HUMU 8U-
mpamamu memary 8 mexHosoeaiYHuli obpi3, mak 38aHy niniepimosy 20/108Ky, Wo cymmeso 36inbwye aumpamHull Koe-
iyieHm mMemary 3pieHSIHO 3 iHWUMU cmaHamu (b6e3nepepeHuM, aemomMamuyHUM ma iH.). BukoHaHul aHania geidomux
mMemodi8 3MeHWEeHHS Macu ninbeepaos1io8ku A038011U8 3arpOorioHyeamu Ho8i KoMbiHosaHi Memarno3bepiearodi MexHosIo-
2ii nminizpimosoi npokamku, siki cymmeso 3MeHWyoms sumpamu memary. Bnepwe 3anponoHosaHa i obepyHmosaHa
Hosa Memario3bepieatoda mexHOI02isl HaCMKO8OI PO3KamKuU rirbeepeosiosKu Ha MOHKOCMIHHUX mpybax 3 D/S=12,5-40,
wo doseossie 3HAMMs mpybu 3 dopHa 3a doromozor wubepa. Lle dozsonume 3MeHWUMU Macy rinbeepaos108ku 0o
50%.

Knroyoei cnoea: mpyba, niniepimosuti cmat, niniepiMosa eonoska, 2inb3a, 0opH, dopHosull npucmpit, Memarosbepiza-
roya mexHorsoeis, sumpamHutl KoegiuieHm memarty.

Abstract. Rolling of thin-walled pipes with D /5=12.5-40 on a pilgrim mill is accompanied by significant metal consumption
in the process cut, the so-called pilgrim head, which significantly increases the metal consumption factor compared this
other mills (continuous, automatic, etc.). The analysis of known methods for reducing the mass of the pilgrim head allowed
us this propose a new combined metal-saving technologies of pilgrim rolling, which significantly reduce metal
consumption. For the first time, a new metal-saving technology of partial rolling of the pilger head on thin-walled pipes
with D /§=12.5-40 was proposed and substantiated, which allows the pipe this be removed from the mandrel using a gate
valve. This will allow reducing the mass of the pilger head by up to 50%.

Keywords: pipe, pilgrim mill, pilgrim head, sleeve, mandrel, mandrel device, metal-saving technology, metal consumption
coefficient.

Cmammsi npucesidyemscsi nam’ssimi 6i0oMoeo 84eHoe0, 0.m.H., npogecopa, 3as. Kaghedpoto MexXHO02i4HO20 NPoeKmy-
8aHHs1 HauioHanbHoi MmemanypeiliHoi akademii YkpaiHu [pysiHa Bornodumupa Muxatinosuda (19.06.1932-22.04.2004)

Introduction. The main production of hot-rolled
seamless pipes is focused on 3 types of hot-rolled
pipes: with pilgrim, continuous and automatic mills.

Reducing metal consumption is relevant for all pipe
rolling units, where metal losses are =215% of the
usable rolled stock. This problem is especially relevant
for TPA with pilgrim mills, which is associated with
metal losses and technological scrap of the seed end
and the pilger head, which constitute 6-10% and more
of the mass of the initial billet. At the same time, the
share of metal losses in the pilger head is 75-77%, and
in the seed end 23-25% [1].

When using BLZ, the quality of the pilger head does
not differ from the quality of the main part of the sleeve,
which makes it necessary to reduce metal losses in
both the pilger head and the seed. Metal losses in the
pilger head and seed are primarily related to the
peculiarities of the pilgering process in rolls of a
periodic profile of caliber with large drafts, reaching
<15 and the presence of support on the sleeve from
the side of the feeding apparatus.

The issue of reducing metal losses in the seed is
considered in works [2, 3] and others.

Ukrdipromez calculations, reducing the cut of the
seed end of the sleeve and reducing the duration of the
seeding regime can increase production by about 12

thousand tons per year on the TPA 5-12" NTZ (in the
1974 range) with an annual production volume of at
least 330 thousand tons per year.

The main problem of pipe rolling on TPA with
pilgrim mills is significant metal losses in the pilgrim
head, which is 100-150 kg per ton of pipe more than
on other TPAs.

Let us consider existing methods for reducing metal
consumption in the pilger head [4].

Methods for reducing the weight of the pilgrim
head. The problem of significantly reducing the weight
of the pilgrim head has not been completely solved to
date, especially for rolling thin-walled pipes with a ratio
of D/5§=12.5-40. A number of methods are known for
reducing the weight of the pilgrim head, which are
currently used mainly in rolling thick-walled pipes with
D/5§=6-12.5. The problem of reducing the weight of the
pilgrim head when rolling thin-walled pipes is due to the
features of the existing rolling technology and
removing the rolling from the mandrel by a sliding
device. In practice, the following methods are currently
used: rolling sleeves end-to-end ; reducing undercuts
pilger heads ; use of special calibration of the mandrel
shank under the pilger head ; rolling of the pilger head
on the free area of the mandrel.

© Balakin V.F., Stasevsky S.L., Uhriumov Yu.D., Uhriumov D.Yu., Nykolaienko Yu.M., 2025
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Butt-roling method of sleeves. This method
consists of the sequential joining of an unrolled sleeve
and the next sleeve on the mandrel. After rolling the
pipe on the mandrel, the rear end of the sleeve remains
unrolled. Then the mandrel is removed from the rolling
mill and the next sleeve is fed onto a new mandrel,
which is joined to the end of the previous sleeve, with
subsequent rolling of the pilgrim head. In this case, the
pilgrim head is completely rolled out, and the rear end
of the pipe is cut to a length of 50-70 mm.

The features of the method of rolling sleeves butt -
to-butt are: rolling the joint of sleeves with different
metal temperatures: the first sleeve has a lower
temperature compared to the second, which can lead
to an excessive increase in metal pressure on the rolls;
uneven feed from cycle to cycle leads to uneven metal
pressure on the rolls; the possibility of uncoupling the
sleeves when rolling them together, which is
dangerous from the point of view of equipment
strength; the need to use a special calibration of rolls
designed for rolling thick-walled pipes, which is
characterized by a decrease in the sharpness of the
roll strikers and a more uniform distribution of metal
pressure on the rolls along the length of the crimping
section. When the “second” sleeve is delayed on the
piercing mill due to the temperature difference between
the two sleeves, the docking process proceeds
unsatisfactorily due to strong cooling of the “first”
sleeve.

Reducing defects Pilger heads. This method is
used in conjunction with a mandrel ring design, which
allows for more complete rolling. Pilger head without
the mandrel ring getting into the rolls of the pilger mill.
For trouble-free rolling of the head, a system for
notifying the rolling operator about the extreme position
of the sleeve with the mandrel in the rolls of the mill or
a system for automatic feed shutdown is required.

Special calibration of the mandrel shank. The
method consists in increasing the diameter of the
mandrel under the pilger head. With an unchanged
caliber size (distance in the gap between the rolls), this
ensures a reduction in the volume and mass of the
pilger head, and also increases the adhesion of the
sleeve to the mandrel during seeding, which allows to
intensify this process and reduce the cut of the seed
ends of the pipes, as well as increase the critical rolling
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speed under the conditions of adhesion of the sleeve
to the mandrel. The maximum increase in the diameter
of the mandrel shank compared to its main part should
not exceed the gap between the sleeve and the
mandrel, which is due to the need for stable charging
of the mandrel into the sleeve both in the pilger line and
outside it.

Method of rolling a pilger head on a free section of
the mandrel. After rolling the pipe on the mandrel, the
rear end of the sleeve ( pilger head ) remains unrolled.
The rolling process is stopped and the mandrel is
pulled out of the roll by a value of [=1.2-1.5 m using a
slide device. Then the pilger head is rolled out on the
mandrel without support from the side of the feeding
device. As a result, the pilger head is rolled into a pipe
with a volume of V1. Further pulling of the mandrel from
the pipe is carried out using the same slide device. The
length Im of the pipe obtained from the pilger head is
determined from the equality of the volumes of the
pilger head Vnr and sections V.. In this case, this
method is mainly used for rolling the pilger head on the
last sleeve in the batch, the rest are rolled using the
butt method. In the process of rolling the pilger head, a
moment comes when an increase in the feed m leads
to a decrease in the rollback and disruption of the
synchronization of the process as a result of a sharp
decrease in the cross-sectional area of the workpiece.

Development of rolling technology To ensure a
reduction in the mass of the pilger head, it is advisable
to carry out a final rolling the pilgrim's head is
practically without a cylindrical section [4].

In practice, it is known to use rings 1 made of
carbon steel when rolling high-alloy thick-walled pipes
3, which are located on the mandrel between the
mandrel ring 2 and the rear end of the sleeve (Fig. 1
a). This allows for complete rolling Pilger head, with
removal of carbon ring 1.

One of the most frequently used methods in
practice to reduce the mass of the pilger head when
rolling thin-walled pipes is the use of special mandrels
rings, allowing for more complete rolling When rolling
a small batch of pipes from high-alloy steel grades, the
rear end of the sleeve 1 is rolled out using a disposable
special mandrel ring 2 (Fig. 1).

Fig. 1.

To conduct industrial research on rolling pipes
measuring 245%x10 mm on a
5-12" TPA, PJSC "Interpipe NTZ" proposed a special
mandrel ring for finishing. pilger heads without a

Methods (a, b and c) of more complete
2 —mandrel ring, 3 — alloy steel pipe

|
//']— _A_,_]Ir‘,_h_
i ﬁg% L

roling Pilger heads: 1 - npilger head,

cylindrical section (Fig. 1). Special mandrel ring 2 has
an additional cylindrical section with a length of ;=150
mm with an outer diameter equal to ~0.8 of the sleeve
diameter D,.. As a result of a comparative analysis of
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the rolling of pipes measuring 245x10 mm with
ordinary and finished It was found that the weight
reduction of pilger heads when rolling using the new
technology is approximately 30 kg per sleeve or 9-14
kg per ton.

Main part. Based on the conducted industrial
research, we have proposed two new technologies
that allow more effectively reducing the mass of the
pilger head by combining solutions to eliminate defects
and reduce the mass of the profile part of the pilger
head.

3 4 Dk 2

Combined technologies for reducing pill head [5].
The first technology involves the use of an improved
design of the mandrel device of the pilgrim mill (Fig. 2),
which has the following differences: the mandrel ring 3
on the sleeve side contains an additional section in the
form of a truncated cone 4 with a decrease in the outer
diameter in the direction of the sleeve, and the mandrel
section under the pilger head is made conical with a
maximum diameter dy; = d, + A [6].

D
RS 6 5
‘ c 1 } m /H/ z|
= 4 RN T D A Y s DO I R >
I o= = B . :
gl \ La— NN\ 7
K|lr|
a b
Fig. 2. New mandrel device (a) and rolled pipe (b): 1 — mandrel;, 2 - conical shank;

3 — mandrel ring; 4 — front end of the ring; 5 — pipe; 6 — pilger head

This design of the mandrel device ensures a
reduction in the mass of the pilger head both by
reducing the sleeve AG, undercuts and by increasing
the diameter of the mandrel under the pilger head AG,.

The results of the calculations showed a significant
reduction in the mass of the pilger head both by

eliminating the imperfections (diagram 1) and by
increasing the diameter of the mandrel under the pilger
head (diagram 2). The total reduction in the mass of
the pilger head reaches 22% (Fig. 3).

40

0

299x8mm
o\‘i 217
&3 Il—ol ﬁ7
1 2 3

Fig. 3. Savings in the mass of the pilger head eGr when rolling according to the first technology at Ln=30
mm and 4=20 mm: 1 — AG1(Ln=0); 2 — AG2(dg1>dg);
3—eGr=—AG1+A4G>

The second technology [7, 8] is that the blank is
pierced with a thinning of the rear end of the sleeve
from the side of the inner diameter (Fig. 4 a), and the

amount of thinning of the sleeve wall varies within 10-
30%. The angle of inclination B.1 of the generatrix of the
conical shank of the mandrel is determined by the

sleeve is rolled into a rough pipe with profile rolls ona  expression:
mandrel (Fig. 4 b), the generatrix of the shank of which B, = arct A/, + ASp 8
under the pilgrim head and the generatrix of the rear e i
end of the sleeve with an increased inner diameter are 2, =4t )
congruent and made in a straight line (Fig. 5). The 7+ASe
1 6
| l [ 5 4
&S _ [ i 4
I - B | N i e
3 et b ety
a b
Fig. 4. New technology with prepared rear end of the sleeve: 1 — sleeve; 2 — rear end of the sleeve; 3 — conical
section of the sleeve; 4 - mandrel; 5 - conical shank;

6 — mandrel ring
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Fig. 5. Determination of the parameters of the prepared rear end of the sleeve

Fig. 6 shows a diagram of the mandrel shank under
the pilger head. for three options: option 1 — mandrel
diameter dg, determined from the rolling table for a
given pipe size; option 2 with diameter dq1 = dq +A,
where A —the gap between the sleeve and the mandrel
before rolling; option 3 — with the maximum mandrel
diameter

<

/2

dge=dq+A+2AST,

where ASr— the thinning of the sleeve wall at the
rear end. Metal savings are determined by the
difference in the volumes of the mandrel shanks for
different options 1, 2 and 3 (Fig. 6).

V1 V2 V3

dal
A

dn2
|
I

I

. da

b

<&
L)

Fig. 6. Scheme for determining the metal savings of the pilger head

From the above analysis it follows that when rolling
thin-walled pipes, the new technology is quite effective
in terms of reducing the mass of the pilger head, which
reaches 29% with an increase in the diameter of the

mandrel shank both due to the gap A and the
permissible thinning of the sleeve wall Sr (Fig. 7).

o

299%x8mm
40
287
X
o] 17
aiiil
1 2 3

Fig. 7. Reducing the mass of the pilger head Gr:
1-(V2-V1);2—(V3-V2); 3= (Vs-V1) at A=20 mm and £Sr=20%

New metal-saving technology for rolling the pilger
head. For thin-walled pipes with D/$=12.5-40, we
have developed a new technology [9], which consists
in partial rolling of the pilger head due to the
impossibility of removing the thin-walled pipe from the
mandrel using a sliding device.

According to the new technology, the pilger head in
Fig. 8 is represented as composed of two parts 1 and
2 (Fig. 9), while

[—

&

fr=tw+ Adr 3
Abr= 22 (4)
s — 1

where uk= S, /S, us= S, /Sg, £ris the length of the
pilger head before rolling, ¢« and A¢r are the unrolled
and rolled parts of the head, S, is the thickness of the
sleeve wall, S,is the thickness of the pipe wall on the
pilgrim mill, S, is the “critical” wall thickness at the end
of the partially rolled pilger head.

Fig. 8. Longitudinal section (a) of the pilger head and its three-dimensional image (b)
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The division of the pilger head into two parts 1 and
2 (Fig. 9) is carried out in such a way that the wall
thickness S, which we have called "critical", allows the
mandrel to be removed from the rolling mill using a

V22

B
s

Dr
d Sr
9 )
lg( l

>
>
]

1 V1
/ c

sliding device, which can be determined
experimentally.
3 V3
' l &
_____________ b
al

Fig. 9. New technology for rolling a pilger head on the free section of a mandrel for pipes (D /S=12.5-40)

Part 1 of the pilger head with a length £« remains after its partial rolling, while the length of the head #:

decreases by the value A#:.
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Fig. 10. Change AL = f(Sk) —a and ny=f(Sk) — b when rolling pipes 299%12 mm:

1-m=my;2-mat V = const

The required number of rolling cycles of the second
part of the head is determined by the formula

N=2Z, (5)

where m— is the feed rate in steady state (feed rate
m = my). The required number of rolling cycles n vin
variable feed rate from the condition Vi = constis
determined by the formula:

n, = (1-2) (6

minpg Hk
which reduces the number of rolling cycles and their

duration.

The rolled part 2 of the head increases the length
of the rough pipe by the value AL, while the elongation
ALis determined from the equality of volumes V2= V3
(Fig. 9):

_ 4V,
AL = m(DE-d2) (7)

Fig. 10,a for a 299x12 mm pipe shows the change
AL depending on the value of the critical wall thickness
S.. An increase S, leads to a decrease AL, due to a
decrease in the volume V2.

Fig. 10,b for the same pipe size shows the change
in the number of cycles ns of rolling part 2 of the head
with a length A¢rdepending on S, the two modes (1 and
2). The first mode is characterized by a constant feed
rate m = my,, where myis the feed rate in a steady
state. The second mode is characterized by a variable
feed rate with its increase as the head is rolled to
maintain the condition V,=const, which allows to
reduce nyby 1.5-1.9 times and accordingly the duration
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of the rolling process. The decrease in n , depending
on S,is associated with the decrease in A¢:.

Conclusions

Pipe roling on TPA with pilgrim mills has
significantly higher metal losses in the technological
cut compared to other units (continuous, automatic
and others), which is due to the presence of the so-
called pilgrim head. This is an important reserve for
reducing the metal consumption coefficient on the
pilgrim mill and is especially relevant and cost-effective
when using a continuous billet of circular cross-section
as the starting material.

The analysis of known methods for reducing the
pilger head allowed us to propose two new combined
metal-saving technologies that do not require
significant equipment reconstruction.

The research of the first new technology on the TPA
5-12" of JSC "Interpipe NTZ" using a special mandrel
device allowed to achieve metal savings of about 30
kg per sleeve. The second new technology reduces
the mass of the pilger head by up to 29% due to the
use of a sleeve with a thinned rear end and a
corresponding increase in the taper of the mandrel
shank under the pilger head.

a new metal-saving technology for rolling a pilger
head on the free part of the mandrel has been
proposed and substantiated, which involves partial
rolling of the head on thin-walled pipes ( D /5=12.5-40),
which will allow reducing its mass by up to 50%.
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Oco001MBOCTI X0JI0THOI NEPIOAMYHOI MPOKATKH NMPU BUPOOHULTBI

JOBrOMipHHMX KOHIYHMX TPyO4YaTuX BUPOOiB

Vyshinsky V.T., Balakin V.F., Kryshin S.M., Safonov L.A.

Features of cold periodic rolling in the production of long conical

tubular products

AHomauisi. lcmomHa ekoHoMiss Memarly 0ocsieaembCs MPU 8UKOPUCMAaHHI 8 MemasioKOHCMPYKUissx mpybyacmux eupo-
6ie 3miHHO20 repepisy. Ocobnusi mexHiyHi echekmu docsicaembcsi y mpyborpogodax 3 3MIHHOK WEUOKICMI0 MOMOKy
cepedosuwya. lNpouec XIT 3 3miHor npomsixxHocmi 30HU deghopmauii 8 pe3ynbmami eapitogaHHsi 008XXKUHU X00y poboyoi
Knimi 3abe3neuye supiweHHs1 makux 3aday. Po3ansiHymo ocobnusocmi: gpopmoymeopeHHs mpybuyacmux eupobie 3miH-
HO20 rnepepisy; KanibpysaHHs IHCMPYMEHMY; 8U3HaYeHHSI 3aKOHI8 3MiHU G08XXUHU X008y poboyoi Kiimi. Po3ansHymo nu-
maHHs1 800CKOHalIeHHS1 MexaHi3mie ma 8y3siie yux cmakis.

Knroyoei cnoea: mpyb4yacmi supobu, 3oHa deghopmauii, poboya Knime, Kanibp, npusoOHUl MexaHi3m, Mummesut oce-
pedok dechopmauyjii.

Abstract. Significant metal savings are achieved when using tubular products of variable cross-section in metal struc-
tures. Special technical effects are achieved in pipelines with variable medium flow rates. The HPT process with a change
in the length of the deformation zone as a result of varying the stroke length of the working stand provides solutions to the
following problems. The following features are considered: — shaping of tubular products of variable cross-section; — tool
calibration; — determination of the laws of changing the stroke length of the working stand. The issue of improving the
mechanisms and components of these machines is considered.

Keywords: tubular products, deformation zone, working stand, caliber, drive mechanism, instantaneous deformation zone
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Tubular products of variable cross-section, which,
being equally strong for a certain type of load, allow
achieving significant metal savings when used as load-
bearing elements of various metal structures. In some
cases, they ensure the achievement of a certain tech-
nical effect - for example, in pipelines with a medium
flow rate that varies along its length (automotive, air-
craft manufacturing, power units of various fields of ap-
plication and in a number of other areas of use).

A promising method for obtaining such products is
the technological process [1], which consists in contin-
uously changing the length of the deformation zone.
The nature of the change and the limit values of the

© Vyshinsky V.T., Balakin V.F., Kryshin S.M., Safonov L.A., 2025
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wall thickness of the finished pipe are completely de-
termined by the calibration of the rolling tool, i.e. the
nature of the change and the limit values of the gap
between the crest of the gauge stream and the forming
mandrel (for example, if they are parallel, then the fin-
ished pipe has a constant wall thickness). This method
has maximum technological capabilities, since a whole
range of products can be manufactured on one set of
rolling tools. The method was developed at VNITI,
where specialized cold rolling mills for conical pipes
KhPTK-40 and KhPTK-75 with an adjustable mechan-
ical drive of the working stand were first developed and
manufactured [2]. The kinematic features of rolling long
conical pipes on KhPTK mills are explained in Fig. 1.
The radius of the inner surface of the product is de-
termined by the dimensions of the mandrel and its lo-
cation in the deformation zone. Fig. 1, a show the initial
(front) position of the gauges, from which the process
of rolling a pipe of given dimensions and shape begins.
In the position of the gauges Il (Fig. 1, b), which corre-
sponds to the opening of the feed and rotation throat
(the rearmost position of the stand), the pipe blank is
fed by the amount m and rotated. During the move-
ment of the stand forward, the deformation of the fed
metal occurs. Section 1 moves forward by the amount
of linear displacement. During the first rolling cycle, the
length of the stand stroke changes by the amount Ax,
and the cross section 2 of the finished product is

This is an Open Access article under the CC BY 4.0
license https://creativecommons.org/licenses/by/4.0/
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formed. The radius of this cross section R, is equal to
the radius of the caliber stream in section 2. Section 1-
2 of the finished pipe consists of part of the working
cone and part of the instantaneous deformation center
and has a length

1
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where m- the value of a single feed of the work-
piece;

uf(l) — the extraction coefficient on the first double
run of the stand.

a

]

Fig. 1. Scheme of cold rolling of long tapered pipes on periodic rolling mills with changing the length of the

stand stroke

The radius of the inner surface of section 2 is deter-
mined by the corresponding size of the mandrel. The
third and subsequent sections are formed in a similar
way (Fig. 1, d and 1, e) of the product. Thus, a variable
cross-section pipe rolled on a HPTC mill can be repre-
sented as a sequence of elementary sections, each of
which is formed in one double pass. The absence of a
calibration section on the stream is due to the mobility
of the front edge of the working cone. Therefore, each
elementary section of the finished product is geometri-
cally a combination of the corresponding part of the
working cone, formed during the previous double pass,
and an element of the instantaneous deformation cen-
ter of the pipe blank, "frozen" in the extreme front posi-
tion of the working stand (Fig. 1, c¢). Since during the
return stroke of the stand, the section of the instanta-
neous deformation center, enclosed between the cen-
ter line and its rear edge, is rolled out, the elementary
section formed includes only the front zone of the de-
formation center. This zone is located between the
center line of the working rolls and the front edge,
which is determined by the dependencies known from
the theory of cold rolling of pipes.

The geometric parameters of the instantaneous de-
formation center, and therefore the shape of the outer
surface of the product, are largely determined by the
conditions of the technological process. In [2], the de-
pendences for establishing the limiting value of the sin-
gle feed value, based on the given waviness of the
outer surface, were first obtained. These studies were
LTp

Ly 7 [(R? + R? + RR,) — (1?

= 3P
where R; and r; are the outer and inner radii of the
workpiece;
Rand R; —the maximum and minimum radii of the
outer surface of the finished conical pipe;

developed in a number of works related to the issues
of determining the quality parameters of the outer sur-
face and managing them; the mechanism of formation
of irregularities such as "convexity" and "concaveness"
on the pipe surfaces, which are formed as a result of
ovalization of the rolled section in the outlets of the cal-
iber stream and from the wave of metal during defor-
mation of the workpiece by the bottom of the caliber
stream, was considered. Some recommendations
were developed that allow reducing these irregularities
or reducing the level of their influence on the quality of
the finished product. In [2, 4, 5], it was shown that the
length and taper of each ielementary section, along
with the feed value and calibration, are determined by
changing the length of the working stand stroke Ax;.
The shape of the rolled pipe, as a sequence of elemen-
tary sections, is determined by the sequence of values
A x;, i.e. the law of change of the length of the working
stand stroke, which can be established either as a
function of the serial number of the double stroke
Ax; (i), or as a function of the length of the stroke
Ax(x;). Despite the fundamental value of this parame-
ter, there is no information about the method of its de-
termination. Thus, in the work [2] there is only the total
number of double strokes, during which a given prod-
uct should be formed. For this, the length of the work-
piece is determined L; from the condition of equality of
the volumes of the finished conical pipe and the work-
piece

+ 72 +rry)], 2

rand r;, — the same inner surface of the conical

pipe;
L., — product length.
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Based on the found length of the workpiece and the
adopted value of the single feed, the following is deter-
mined: the number of N double passes of the stand,

during which the given product is formed N = f and

some averaged value Axq changes in the length of the
working stand stroke; Axq = %’" —the maximum length

of the working stand stroke, on which the front section
of the finished conical pipe is formed. It should be
noted here that this approach to determining the pa-
rameter N is valid only in the case when it is known a
priori that the drive mechanism works out the required
law of changing the working stand stroke and as a re-
sult, a product of the specified dimensions is formed
from the cylindrical workpiece. All the aspects de-
scribed lead to the fact that the adjustment of the
HPTC state for rolling each product is practically car-
ried out experimentally after a series of trial rolling’s of
a batch of adjustment pipes.

In works [4, 5], attempts were made to somewhat
refine the known sequence of calculating the initial pa-
rameters for the simplest linear-conical calibration of a
rolling tool. However, the question of finding the nec-
essary law of change in the length of the working stand
stroke Ax(x;) remained unresolved. The drive mecha-
nisms used on the KhPTK-40 and KhPTK-75 mills (the
technical characteristics of which are given in Table 1)
(Fig. 2.) represent a spatial system of power levers
driven by crank wheels 4, lower connecting rods 5 and

rockers 6, which transmit oscillatory motion to the two-
armed levers 7 relative to the sliding hinge support 10.
This motion, using connecting rods 8 connected to the
upper hinges of the levers, is converted into a recipro-
cating movement of the working stand 9, the length of
which depends on the position of the support 10 in-
stalled on the movable carriage 11. The carriage 11 is
moved along the fixed inclined guides 13 by a screw
mechanism 12. Stable positioning of the rear position
of the stand is ensured by the corresponding inclination
of the guide 13.

Types of products produced on HPTK mills.
These mills can roll pipes of variable cross-section,
representing a working cone (or their combination);
various types of stepped pipes; cylindrical with variable
wall thickness (if there is a mechanism for moving the
mandrel); various profile products with a curvilinear
generator. The main types of products of variable
cross-section obtained on cold rolling mills of conical
pipes are presented in Fig. 3.

Features of tool calibration of HPTK mills. The
main difference in the kinematics of the technological
process being analyzed is the programmatic change in
the stroke length of the working rolls (cells), i.e. the
length of the workpiece deformation zone, which
causes a change in the draw ratio and all energy-
power and geometric parameters during the rolling cy-
cle of the finished product.

Table 1. Technical characteristics of the KhPTK-40 and KhPTK-75 mills

Indicators Unit of measurement [Condition of HPTK-40 |Condition of KhPTK-75
\Workpiece dimensions:

- outer diameter mm 35— 46 20— 100

- maximum length m 5 10

- wall thickness mm 1,35-45 1-15
Dimensions of finished pipes:

- outer diameter mm 18- 32 10— 120

- maximum length m 15 20

- wall thickness mm 0.4-4.5 0.8—15
Rolling speed dv . h. /min. 33/44/67 6 50 (reg .)
Intensity of change in the length of the cage stroke |mm 0.05- 2.5 0.05- 2.0
Roller barrel diameter mm 300 434

Cage stroke length mm 50— 800 150- 1100
Crank radius mm 300 480

Innings mm 2.5-15 2 -30

Main engine power kW 28/35/40 110

Fig. 2. Scheme of the lever drive mechanism of the KhPTK mill [3]
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Fig. 3. Main types of variable cross-section products produced on KhPTK mills
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Fig. 4. Scheme of calibration

of rolling tools of KhPTK mills:

1 - scan of the crest of the caliber stream; 2 - mandrel

Due to the lack of mathematical models describing
the relationship between the mechanical characteris-
tics of the HPTC mill equipment with the conditions of
the technological process and the profile of the product
being formed, the tool calibration was established
based on the condition of obtaining a given product ge-
ometry. Thus, for HPTC mills with lever drive mecha-
nisms, the best correspondence of technological and
mechanical parameters occurs when using linear-con-
ical calibration of the stream and mandrel. Calibers of
HPTC mills (Fig. 4) along the sweep length L, have
3 sections: feed and rotation throat L,,. (in the rear-
most position of the cage), reduction sections Ly, and
crimping L. TO ensure the production of pipes with
the maximum difference in diameters, the length of the
reduction section is taken as minimum based on the
radii of the outer R,,. and inner r,,. workpiece sur-
faces. Reduction areas Ly, and crimping Lgg, to-
gether constitute the working part of the gauge L,
and at their common boundary the radii of the gauges
R and the mandrels r are equal to the maximum radii
of the product being formed. At the end of the compres-
sion zone the radii R; and r; are equal to the maximum
radii of the product. On the calibration constructed in
this way, the product is rolled by changing the length
of the working stand stroke x; from maximum value
Ly = Lgae 10 MINIMUM Xy = Lagr + Ly, - Actual value
of stroke length x; should be used in the construction
and synthesis of parameters of adjustable drive mech-
anisms. However, when considering the mechanism of

product shaping and creating models that describe the
interdependence of technological and mechanical
characteristics of the process, it is more convenient to
use the conditional stroke length x;, which is counted
not from the rear edge of the feed and rotation throat
(as for x;), but from the beginning of the reduction sec-
tion. From Fig. 4 itis seen that X; = x; + L,,.. The con-
ditional stroke length x; changes from the maximum
value X, = L6 to the minimum X, = Lyes-

Forming of pipes of variable cross-section on
HPTC mills. Long pipes of variable cross-section,
formed on HPTC mills, depending on the course of the
technological process, can be conditionally divided into
two types - with direct and reverse taper . Rolling of
pipes with direct taper is carried out by reducing the
length of the working stand stroke during the cycle from
the maximum value at which the cross-section of the
smallest dimensions is formed to the minimum value at
which the maximum cross-section of the finished prod-
uct is formed. Rolling of pipes with reverse taper is car-
ried out by changing the length of the working stand
stroke, which is continuously increasing.

When the working cone is formed, the minimum
cross-section a of the finished pipe is formed with the
radii of the outer and inner surfaces, respectively, R;
and r, (Fig. 5, 1). The formation of the first elementary
section on the first double stroke of the working stand
occurs in the following way. When the gauges move
from the extreme front position to the extreme rear,
metal is compressed, caused by elastic deformation of
the working stand, rolling tool and material rolled
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during the previous forward stroke. As a result of the
drawing, a linear displacement of the cross section a
occurs by the value Aljy, (Fig. 5, Il). In the extreme
rear position of the working stand, the workpiece is ro-
tated and fed by a given value m (Fig. 5, ). The vol-
ume of metal fed into the deformation zone is com-
pressed during the forward stroke of the working stand,
which leads to a linear displacement of the cross

section relative to the front edge of the stand stroke by
the value

AL = kmp®, 3)

where #)((1) is the current value of the extraction co-
efficient (with the length of the stand stroke x;);

k — empirical coefficient that establishes the ratio
between the value of linear displacement during the re-
verse stroke of the cage to the full value of linear dis-
placement during a double stroke.
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Fig. 5. Scheme of the technological process of forming a pipe of variable cross-section

Change in the length of the cage stroke during the
first stroke on Ax, leads to the fact that the gauges do
not "finish" to their previous position by the same
amount Ax,. The intersection ¢ (Fig. 5, IV) lies in the
plane passing through the line of the centers of the
working rolls, is the rear boundary of the formed first
elementary section of the product. The radii of the

outer R)El) and the inner rx(l) surfaces of this cross-sec-
tion depend on the profile of the gauges and mandrel,
as well as the position of the center line, i.e. the mag-
nitude of the change in the stroke length of the working
stand Ax,. The length of [; the formed section (i.e. the
distance between sections a and c¢ of the longitudinal

axis of the pipe) can be determined as follows

L =A1D +A 1S + A%y, 4)

Conicity of the outer surfaceyy this elementary plot
@ €Y
1 AR, ARy
v = (5)

o Al a{D+ax,
where AR,EU — change in the radius of the stream of
calibers on the site (X,,,; X — A%4);

AR = R, — RW.

This value is determined both by the change in the
stroke length Ax; and by the calibration of the rolling
tool, i.e. by the dependence R(x;). The current value
of the stroke length of the working stand x;is consid-
ered to be the stroke length at which i the —th defor-
mation cycle from the beginning of rolling a given prod-
uct began. The stroke length at the end i of the —th cy-
cle and the beginning of the (i+1) th is equal to
X;+1 = X; — Ax;. Accordingly, the radius of the outer
surface of the front section of the formed i—the front
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section is equal to R,; = R(x;), and the rear section is
equal to Ry; .1 = R(X;4+1) = R(x; — Ax;). The radii of the
inner surface
T = 1(x) and rgqq = 7(Xi14).

When the gauges are returned to the rearmost po-
sition, the formation of the second conical section be-
gins due to the metal being drawn out by an amount

Alf)é; (Fig. 5, V). Feeding the workpiece (Fig. 5, VI) and
further compression leads to the formation of a second
section with length [,, which is determined similarly to
4)
L =A 15 +A 18 + Bx,. (6)
where Ax, is the change in the length of the second
stroke of the working stand.

COﬂiCity of the outer surface of the second section
) [©)
2 ARy ARy
x( ) _ — (7)

o Al P rax,

where AR® changing the radius of the stream R,
on the site (x,,, — AXy; X, — A%, — AXq).

Thus, the length i of the —th elementary section of
the finished product is equal to the sum of the values
of the linear displacement of the pipe during i the —th
forward stroke of the stand, the linear displacement of
the previous reverse stroke, and the value of the stroke
change Ax;:

L =A15) + ALY + Ax,. (8)

The magnitude of the linear displacement during
the reverse stroke of the tool is
30-40% of the total displacement during a double
stroke [6], i.e., when rolling cylindrical pipes, the coef-
ficient kin expression (3) is 0.7-0.6. Significant



compression of the metal during the reverse stroke is
due not only to the elastic aftereffect of the working
stand, rolling tool and metal, but is largely a conse-
quence of the rolling of the so-called "whiskers" that fill
the caliber releases during the forward stroke, after the
workpiece is rotated in the extreme front position of the
stand. A distinctive feature of the technological process
under consideration is the absence of rotation of the
workpiece in the front position of the stand, as a result
of which the compression of the "whiskers" is not car-

ried out. This significantly reduces the value of Alggp. In
addition, the magnitude of the compression during the
reverse stroke is significantly affected by the direction
and magnitude of the displacement of the working sec-
tion during the rolling process. Therefore, to ensure the
stability of the process and increase the accuracy of
finished products of variable cross-section, they are
rolled piece by piece with the workpiece rigidly fixed in
the chuck. As a result of experimental studies con-
ducted on the KhPTK-75 mill, it was established that
the value of the coefficient kwhen rolling conical pipes
should be taken equal to 0.7-0.8, i.e. the length of the
section of the finished pipe being formed is largely de-
termined by the magnitude of the linear displacement
during the forward stroke of the stand. To simplify the
considered mechanism of shape formation, it is as-
sumed that the length [; is equal to the sum of the total
magnitude of the linear displacement Al; on i the —th
double stroke

Al; = Alr(,‘g + Al and the magnitude of the change in

3Bp

the length of this stroke Ax;.

L =A1S + AL + A% = Al + Ax;. )
Expressing Al; in terms of the current value of the
extraction coefficient at the end of the double stroke of
the stand under consideration and the single feed, we
obtain
l; = muy + Ax;. (10)
It is customary to consider elementary sections as
conical, and the geometric dimensions of the front and
rear ends of each of them are determined by the geo-
metric dimensions of the rolling tool (gauges - for the
outer surface and mandrels - for the inner surface).
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Iterative model of shaping of long conical pipes
using linear-conical calibration. To find the required
law of change of the length of the cage stroke, Ax;(x;)
a discrete approach was used, in which the pipe of var-
iable cross-section is represented as a sequence of el-
ementary conical sections of length [;. As a result of a
decrease (increase) in the length of the cage stroke
by Ax; there is a change in the radius of the formed
outer surface by a value AR, that is determined by the
averaged taper of the stream of calibers a;in the
stream section(x;; x; — Ax;)

AR,: = aiAXi. (11)

Thus, the taper y; of the outer surface of the formed
on i the -th from the beginning of rolling a double pass
of the elementary section is equal to

_ ﬁ _ AR;
Vi = Al; - m,u(xi)+Axi' (12)

Here u(x;)is the maximum value of the exhaust
during the double stroke of the considered stand.

A conical pipe consisting of elementary sections of
constant taper can be formed only with an appropriate
choice of the law of change of magnitude Ax; and cal-
ibration of the rolling tool. Therefore, one of the most
important tasks is to develop a method for determining
the tuning characteristics of the drive mechanism for
rolling conical pipes of given parameters.

Determination of the law of change in the length
of the working frame stroke. Forming a pipe
lengthL,, and with radii of the outer surface R and R,
and the inner - rand r; is carried out in calibers with
radii R, and R, (the development of the crest of the
stream is a straight line) on a conical mandrel with radii
1, and r,,. The maximum length of the stand stroke on
which the front end of the pipe is formed (R x 1) is
equal to x,,. If the dimensions R,; 7, and R; r( R, >
Rand r, > r) differ, rolling can be carried out to some
minimum x,,;,, value of the length of the cage stroke. It
is obvious that at R, =R and r, =1 X,;; =0. The
generatrix of the outer surface of the conical tube in the
ZOY coordinate system (Fig. 6) is described by the
equation

y(2) = Kyz + Ry, (13)

where K, = RL_Rl — the taper of the outer surface of

Tp
the pipe being processed.

Z; Z,',,/‘,

=

S e —
R’# rs?L'zg MRe—-x Rir'}

yrrzziz]

4y

g

Je ===}

Xmu

Fig. 6. Scheme of forming a conical pipe of given dimensions: 1 — tubular product being formed; 2 — reaming

of the crest of the stream of calibers; 3 — mandrel
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Since y = Ry;, then the equation of the generator
can be represented in the form

in = KHZi + Ri' (14)

The rolling process of a conical pipe begins after
rolling the working cone, when the pipe cross-section
of the minimum radius of the outer surface is formed
R;. During the first double pass, the first elementary
section of the finished pipe is formed with a length of
Al;, amaximum radius R,; and a minimum of R; . In this
case, the pipe cross-section with a radius R,; has the
coordinate z; = Al;. The value Al; is determined by
the dependence (9) for the first double pass of the
stand, therefore

Zy = All + AXI. (15)

Coordinate z, for a section having an outer surface
radius R,, and formed during the second double pass
of the cage, will be equal to

Zy = Alz + AXZ + Zy = All + Alz + Axl + AXZv (16)

where Al is the linear displacement of the pipe dur-
ing the second double pass.

Thus, the coordinate z;of the cross-section with ra-
dius R,;, formed on ithe -th double-pass stand from the
beginning of rolling, is equal to

R+ax; =K, (ngzlm

where i=1,2,3 ... N.

Equation (22) contains the required value of the
length of the working stand stroke x; for i the double
stroke from the beginning of rolling, as well as the total

—B(K, + &)x} + (BQ;

(2¢Q; - D(K, + a))x; + (AK,m+ DQ;) =0,

Here Q; = K,(X,,+ mS;_;) +R; — R.

According to the dependence (23) for determining
the magnitude of the cage stroke it is necessary to find
the numerical value of the sum S;_;. It can be calcu-
lated only if the length of the previous double cage

57 oo T Sn-1) = L.
Bxjy + 2Cxy + D

As an example in Fig. 7. The graph of the change
in the length of the working stand stroke x;required for
rolling a conical pipe 40x4 — 20x1.0 with a length of
2000 mm at a feed of 3 mm is given. Curve 2 indicates
the necessary law of the change in the stand stroke for
forming a pipe 40x4—20x1.0 with a length of 1070 mm.
According to the coordinates y = R,; and, z; the calcu-
lated profiles were constructed, which completely coin-
cided with the specified ones (Fig. 8 shows the

Xm — Xy + m(

+ Xm —xl-) + R4,

Z; = Zit:l Aln + Zil:l AXn- (17)

The second sum of expression (17) is the differ-
ence between the maximum stroke length of the work-
ing cage x,, its current value x;. So

z; = Zfﬁl Al, + X, —x;. (18)

Taking this into account, expression (14) will take
the form

Ry = K.(Zhoi Al + X —X;) + Ry (19)

As is known Al; = myu,, based on the assumptions
made above, the current value of the extraction coeffi-
cient is equal to

R32 —7"32

2 2"
Ry~

Hy = (20)

Let's express the radii R,; and r,; due to the taper of
the caliber stream a(x;) and the mandrel b(x;) ingen-
eral terms

Ry = Re + [} ax)dx; 1y = ric + [} b(x)dx.
(21)

For simplicity, we assume that Ry = Rand r, = .
The equation of the generator of the outer surface
of the pipe (19) can be as follows

(22)

number of double stand strokes N. required to form a
given product. After a series of transformations (22)
leads to a cubic equation for the desired value x;.

—2C(K, + a))x? +
(23)

stroke is known x;_;. Thus, the calculation of the mag-
nitudes x; can be carried out only by successively in-
creasing the index from i=1 when S, =0, z, = 0, X, =
X, and to the value i = N, which is determined from
the condition Zy = L, or

(24)

construction of the profile of a pipe 40x4 — 20x1.0 with
a length of 1070 mm).

When rolling tapered tubes, for which it is neces-
sary to implement a final section of constant wall thick-
ness equal to the thicknesst, the wall of the workpiece,
the equation of the generator during rolling within the
reduction zone has the form

-2 at3ar(KH + a)Xiz + {tsar(ZR - tsar)(KHt3ar - a) + Za[KH(Xm + mSi—l) + Rl - R]}Xi + tsar(ZR -

toar) [Ky (X + mS;) + R, — R] + mK,A = 0.

18
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Fig. 7. Change in the length of the working stand stroke when rolling a tapered pipe

40x4 — 20x1.0 with a length of 2000 mm (1) and 1070 mm (2)
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Fig. 8. Construction of a pipe profile 40x4 — 20x1.0 with a length of 1070 mm according to coordinates R,; and

Zi

Here the amount S;_, is determined by the following
relationship

A
Sic1 =5+
-1 0 tsar((2R1—tzar)+2atzarXi—1)

Si= 50 = 57 ackn T S-L
wherei=1,23,...,1,...,N.

Equations (23) and (25) allow us to determine the
law of change in the length of the working stand stroke
x;(i), necessary for forming pipes with given geometric
parameters on a working tool with linear-conical cali-
bration. To verify the results of these developments,
experimental studies were conducted on the KhPTK-
75 mill, which confirmed the validity of the developed
model.

+ Si—2; (26)

Determination of drive mechanism adjustment
parameters. On HPTC mills with a lever drive mecha-
nism, the change in the length of the stand stroke is
carried out by changing the ratio of the lengths of the
arms of the oscillating levers, connected at the lower
ends to the leading crank-rocker mechanism and aux-
iliary levers, and at the upper ends by means of con-
necting rods with the working stand. The movement of
the central hinges of the levers is carried out by a car-
riage driven along inclined guides. The current value of
the length of the stand stroke depends on the distance
H; between the current position of the carriage and the
initial one. To find this dependence, the position of the
lever AB, which corresponds to the extreme variable
(front) position of the working stand (Fig. 9), was con-
sidered.

Fig. 9. Before determining the carriage position as a function of the cage stroke length
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In this case, the center O of the double- arm lever
joint occupies its lowest position on the line n—n, which
makes an angle B with the horizontal and has coordi-
nates z, and y,.

Let's define the coordinates z,; and y,; of the hinge
B of a double-arm lever occupying an arbitrary posi-
tion. It is known that

Y2i=V1 _ Z2i%1 (27)

Yoi—Y1 Zoi—Z1
l, = \/(21 —2)* + (2 —y1)%  (28)
where [, — length of the double-arm lever;

z, and y, - coordinates of hinge A.
A joint consideration of (27) and (28) leads to the
expressions
2

l2 —12_(n l2qi
-1

/1+qi2

Zy —Z1 +

_y1+\/rqi2

_ Iz l2qi
Z2i =2 7= Y2 = Y1~ . (29)
1+ql2 1+qi2

Yoi=V1 ;
Zoi—

Here q; = is a dimensionless parameter that

characterizes the magnltude of the displacement of the
center 0 along the guide line nn.

Point D lies on the line y, = h at a distance [; from
the center of the hinge B (I, - the length of the upper
connecting rod of the drive mechanism), therefore the
coordinate of z,; the point /I, is found from the equation

(Zoi — 22)* + (h = y5)* = 112! (30)
substituting into (30) the values of the coordinates
v, and z,; dependencies (30), we obtain

2

(31)

After transformations, we arrive at an equation containing the unknown quantity g;

qiz(Fz - 4lzz(h - Y1)2) - 8‘11'122(231‘

where F = (z,; — z,)? = ,* + (h — y,)? + 1,7,
The coordinate of z,; point D in the ZOY system
(Fig. 9) can be represented in the following form:
Zyi = X + Ao — X;. (33)
where 1, is a constant value that depends on the
choice of the coordinate system and the parameters of
the drive mechanism

h + lzqo + Zl - lz

— M -
/1+in /1+in

The found solution of equation (32) corresponds to
the desired position of the swing center 0;, at which the
stroke length of the working cage is equal to x;.

Let us define the relationship between the parame-
ter g;and the movement of the carriage H; from its low-
est position. Let us represent the coordinates of the
center of swing z,; and y,,; in the following form:

Ao = 112_

—2z;)(h—yy) + F?

- 4122(Z3i - Z1)2 =0, (32)

After some transformations we have

H, = o-y1)— ql(lo—zﬂl

qicosf—sinf (36)

Thus, solving equation (32) for a series of numerical
values x; (in ascending order of index i from 1 to N)
the corresponding values of the dimensionless param-
eter are determined q;, and depending on (36) the car-
riage movement H; necessary for rolling a conical pipe
of given parameters is determined.

As an example, Fig. 10 shows a graph of the
change in the length of the working stand stroke re-
quired for forming a conical pipe 56x4 — 38x1 with a
length of 3000 mm on the KhPTK-40 mill at a feed of 4
mm with a working part length of x,,=425 mm. Fig. 11
shows the law of carriage motion (curve 1).

To roll a tapered pipe with a straight generatrix, it is
necessary to perform uneven movement of the car-
riage along the guides. This necessitates the installa-

. = Zo + H; i Yoi = Yo + H;sinf. 34 ; - . . :
ThenZOl %o i€0sh: Yoi = Yo iSinf (34) tion of mechanisms with an adjustable gear ratio,
Yo+HisinB—y, which significantly complicates the design of the mill
9 =, THicosp-2, (35) and reduces its reliability.
X;
mm K
N
300
200 \\
NN
100 .
ey
0 40 80 120 160 200

i, double-pass stand

Fig. 10. Change in the length of the stand stroke when rolling
a pipe 56x4 — 38x1 with a length of 3000 mm
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Fig. 11. Moving the carriage H; when rolling a pipe 56x4 — 38x1 with a length of 3000 mm: 1 — theoretically;

2 — experimentally

Example of calculation of setting the drive
mechanism of the KhPTK-75 mill for rolling current
collector rods of ZIU-9 trolleybuses (pipe 51x3.5 -
25x3.2; length 4475 mm; material steel 30 KhGSA).

Billet dimensions . Since the finished pipe has a
significant difference in diameters, the diameter and
wall thickness of the billet are taken equal to the corre-
sponding dimensions of the maximum cross-section of
the pipe being rolled.

Calibration of work rolls. Linear-conical calibra-
tion is used, R,=25.5 mm, R;=12.5 mm, x,,=609 mm
(length of the working part of the calibers-half disks of
the KhPTK-75 mill). The dependence R(x)has the

form
R(x) = 25,5-222%x = 25,5 — 2,135 - 107x, mm
The profile of the product being formed. The
pipe has a conical shape. The radius of the outer sur-
face is described by the relationship

Y(2) = 25,5- 25728 = 25,5 - 2,905 - 103z, mm

Changing the wall thickness of the finished
product. The current collector rod tube has a wall
thickness that varies linearly from t=3.5 to t=3.2 mm,

SO
t(z) =32 +2227=32+67-1072,mm

The size of a single feed of the pipe billet is taken
equal to m=5 mm.

The dependence z(x) is established from the
condition R(x) = Y(z). For the pipe being formed and
the calibers used

25,5-2,135-10%x = 25,5-2,905 - 107z,

z = 7,3480xmm.

Mandrel profile

R(x) = —(3,5-3,2-25,5 + 12,5) + 25,5-3,5,

R(x) = 22-2,0854 - 10x, mm.

Calculation of the function of changing the
stroke length of the working stand. The results of
calculating the installation parameters of the drive
mechanism of the KhPTK-75 mill for rolling a tapered
pipe 51x3.5 - 25x3.2, 4475 mm long are given in Table
2, where it is indicated:

x— current value of the length of the i-th double run
of the stand — x;, mm;

dx— change in stroke length — Ax;mm;

z— coordinate z;mm;

Rx— outer surface of the current pipe cross-section
- R,, mm;

g— parameter value g; for the calculated value 4x;;

H- carriage movement from its lowest position — H;,
mm.

The parameter g;was calculated for the lever drive
system of the KhPTK-75 mill. Its numerical values are
given in Table 2.

The gear ratio of the kinematic gearbox U,is de-
termined based on the condition of its stepwise regula-
tion (the number of steps is assumed to be k=5).

From N = 580 double moves of the stand, the val-
ues i=1; N/k; 2N /k; 3N /k; ...; N are selected , namely
i=l, 116, 232, 348, 464, 579. These double move num-
bers correspond to the coordinates of the carriage po-
sition H1 = 387,8, H348 = 867,6, H116 = 552,0,
H464 = 1033,2, H232 = 709,1, H57g = 1209,0

The gear ratios of the regulating stages of the kine-
matic gearbox are equal (the pitch of the carriage
movement screw t=10 mm):

580 10 580 10
Uy = o 2 = 7,06; Us = 5rerosn 5 = 732
552,0-387,8 5 867,6—709,1 5
580 10 580 10
Up=—2 . 2=738; Us =——2 .2 g0,
709,1-552,0 5 1209,0-1033,2 5
580 10
Up=—2 . 20_732
867,6—709,1 5

The research results presented above were also
used in the development of methods for calculating
technological parameters for adjusting the HPTC mills
in the manufacture of: tubular products of variable
cross-section for special power plants ordered by the
enterprise NPO "TECHNOMASH" (pipe 7x0.3-3x0.3,
length 3000 mm); special tubular products of variable
cross-section for shipbuilding enterprises.

Improvement of mechanisms and units of the
HPTC mill. A significant simplification of the

stereometry of the drive mechanism of the HPTC mill
while simultaneously reducing material consumption,
increasing maneuverability, reliability and durability
can be achieved by using mechanisms with higher kin-
ematic pairs in the line of moving the stand with stable
positioning of its position during the feeding and turning
operations, in particular internal gear wheels with a
gear ratio of 2 and worm gears.
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Table 2. Results of calculation of installation parameters of the drive mechanism of the KhPTK-75 mill for

rolling a tapered pipe 51 x3.5 - 25x3.2, length 4475 mm

i b, mm dx, mm z, mm Rx, mm q, mm H, mm

1 607.38 1.62 11.91 125 -,43E+01 387.8
20 577.46 1.54 231.78 13.2 -,46E+01 416.2
40 547.57 1.46 45141 13.8 -,49E+01 4455
60 51909 1.39 660.69 144 -,53E+01 474.1
80 491.83 1.34 861.01 15.0 -,57E+01 502.2
100 465.63 1.29 1053.48 15.6 -,61E+01 530.0
120 440.39 1.24 1238.99 16.1 -,66E+01 557.5
140 415.99 1.20 1418.27 16.6 -, 72E+01 584.8
160 392.35 1.16 1591.95 17.1 -,78E+01 611.9
180 369.41 1.13 1760.54 17.6 -,85E+01 639.0
200 347.10 1.10 1924.50 18.1 -,93E+01 666.0
220 325.36 1.07 2084.20 18.6 -,10E+02 692.9
240 304.16 1.05 2239.97 19.0 -,11E+02 719.9
260 283.46 1.02 2392.12 194 -,13E+02 747.0
280 263.21 1.00 2540.90 19.9 -,15E+02 774.2
300 243.39 0.98 2686.53 20.3 -,17E+02 801.5
320 223.97 0.96 2829.23 20.7 -,20E+02 828.9
340 204.93 0.94 2969.17 21.1 -,24E+02 856.5
360 186.24 0.93 3106.52 21.5 -,30E+02 884.3
380 167.88 0.91 3241.43 21.9 -,40E+02 912.4
400 149.83 0.90 3374.04 22.3 -,61E+02 940.7
420 132.08 0.88 3504.47 22.7 -,12E+03 969.3
440 114.61 0.87 3632.82 23.1 -,20E+04 998.1
460 97.41 0.85 3759.21 234 0.14E+03 1027.3
480 80.47 0.84 3883.73 23.8 0.67E+02 1056.9
500 63.76 0.83 4006.47 24.1 044E+02 1086.8
520 47.29 0.32 4127.51 24.5 0.33E+02 1117.1
540 31.04 0.81 4246.92 24.8 0.27E+02 1147.8
560 15.00 0.80 4364.78 25.2 0.22E+02 1179.0

[Tubing has been formed at N=579 double steeps .

* Every twentieth value of all parameters is printed

The cold rolling mill for long pipes of variable cross-
section [7] (Fig. 12) includes a stand 1 with work rolls,
a mechanism 2 for its reciprocating movement, a rotary
-feed device 3 with a screw mechanism 4 for moving
the workpiece chuck 5, on the nut of which a gear
wheel 6 is fixedly fixed, which receives rotation, for ex-
ample, from a Maltese mechanism. The work rolls can
rotate by means of a kinematic connection of rails with
a worm cut 7 and gear wheels 8 fixed on their necks.
The mechanism for reciprocating movement of the
stand includes two carriers 10 driven by the engine 9,
each of which has a gear crank wheel 11 with a crank
pin 12. On it, with the possibility of rotation, a slider 13
is located, installed in a vertical groove of the stand
frame. The gear crank wheel is in internal engagement
with a double-crown gear wheel 14, which has twice
the number of teeth and the outer ring of which is con-
nected by means of a wheel 15 to a shaft 16 passing
through a stationary rack with a worm gear and an ad-
justable gear clutch 17 connected to it. The other end
of the shaft is connected through a gearbox 18 to a
gear wheel 6 and, by means of an additional shaft 19
and a gearbox 20, to a screw 21 of the mechanism for
moving the mandrel 22. The rotation of the carrier 10

22

by means of the motor 9 leads to a reciprocating move-
ment of the cage by an amount that depends on the
angle of rotation of the double-crown gear wheel 14
from the initial position, at which the trajectory of the
movement of the crank finger is placed horizontally.
When the double- crown gear wheel 14 rotates, the tra-
jectory of the crank pin movement is rotated, which, if
there is a kinematic connection between it and the
cage using the slider 13, causes a change in the length
of the cage stroke. Its minimum value, equal to zero,
occurs when the double-crown gear wheel 14 is ro-
tated by an angle of 90° (while the crank pin 13 moves
vertically). During the open state of the feed throat and
the rotation of the workpiece, the rotary -feed device 3
is triggered. The rotation of the nut is transmitted to the
double-crown gear wheel by means of the gear wheel
6 fixed on it, the transmission shafts 16, the gearbox
18 and the gear wheel 15. The extreme rear position
of the gauges is fixed by constantly rotating them to
this position through a worm gear, which includes sta-
tionary rails 7, which receive rotation from shafts 16,
and gear wheels 8. To maintain the constant mutual
arrangement of the gauges and the mandrel, the man-
drel rod is synchronously moved by a screw



mechanism, which receives rotation from shaft 16
through an additional shaft 19. The magnitude of the
change in the stroke length of the working stand is set
by the gear ratio of the gearbox 18. The presence of
adjustable gear couplings 17 allows you to adjust the
extreme fixed position of the gauges. The proposed
kinematic connection of the rotary -feed mechanism
and the mechanism of reciprocating movement of the
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stand allows you to improve the quality of the products
being rolled and the reliability of the mill as a result of
the fact that the change in the stroke length of the stand
is carried out with the feed and rotation throat open.
The presented layout provides a significant reduction
in overall dimensions and metal consumption of the
mill as a whole.

11

Fig. 12. Cold rolling condition of long pipes of variable cross-section: a — general view; b — top view; ¢ —

mechanism of reciprocating movement of the stand

Optimization of the design of the working frame
elements. The design of the working frame of the
HPTK mill, its rigidity and other operating parameters
largely determine the quality of the products of variable
cross-section that are manufactured. The traditional
frame (Fig. 13, a) has a massive base, which contrib-
utes to increasing the stability of its reciprocating mo-
tion and reducing wear of the supporting surfaces.

The inflows 7 are designed to connect the stand
with the drive mechanism, and the inflows 8 with the
balancing device. It is equipped with a pressure device
2, which is installed between the upper roll cushion 3
and the frame 1. The device includes punches 4, shear
elements placed in the wedge-matrixes 5, which are
simultaneously wedges that provide changes in the po-
sitions of the upper roll cushions 3. The wedges 5
move along the inclined planes of the upper roll cush-
ions in directions parallel to the rolling axis. The
wedges are fixed by screws 6 mounted in the racks of
the side frames of the frame 1. As a result of wear of
the working rolls and bearings, as well as plastic defor-
mation of the elements of the devices 2, the inter-roll
gap increases, which causes additional movement of
the wedges 5, which causes a shift in the zones of in-
teraction of the pressure devices with the roll cushions.
The latter complicates the process of regulating the so-
lution between the rolls, as a result of which the speci-
fied parameters of the deformation cell change [8]. The
formation of the stereometry of the instantaneous de-
formation cell (MOD) is influenced to varying degrees
by such indicators of the moving stand assemblies as
the mutual orientation of the roll axes and the rolling
axis. Calculation schemes that determine the

consumer characteristics of the finished product are er-
roneously built on the assumption that the half-sections
of the MOD, moving along the mandrel axis, are lo-
cated in a plane perpendicular to the rolling axis; are
symmetrical; and under the action of rolling forces
move in the vertical direction. Due to the differences in
the rigid characteristics and wear characteristics of the
parts and assemblies that close the power flows in the
left and right windows of the frame, the wedges 5 will
occupy different positions along the rolling axis, which
will lead to skewing and crossing of the roll axes. Thus,
when loading the stand of the KhPT-32 mill of the
EZTM design with a rolling force of 0.5 MN, the upper
roll cushions, depending on the position of the wedges,
change their position in the stand windows, causing a
skew of its axis, which is characterized by a difference
in the position of the centers of symmetry of the bear-
ing supports of up to 17 um (Fig. 13, b).

Distinctive design features of the rational work-
ing frame of the KhPTK mill. When creating the de-
sign of the working frame, attention was paid to estab-
lishing a rational shape of its bed, the possibility of re-
ducing weight while simultaneously increasing the
bearing capacity and rigidity of the structure, the pos-
sibility of choosing the optimal scheme of the pressure
device, and others.

The rational working cage (Fig. 14) consists of an
oval-shaped frame 1, in the windows of which a pres-
sure device 2 is mounted, working rolls (upper 3 and
lower 4), which are mounted on bearings in the pillows
5 of the upper roll and pillows 6 of the lower one. Oval-
shaped frames with internal windows are made in the
form of internal 7 and external 8 shells.
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Fig. 14. Rational working stand of the KhPTK mill [9]

Design features of the optimal pressure device.
One of the shortcomings of the existing stands of the
HPTK mill is that they do not allow the selection of axial
gaps in the roll supports, which appears due to wear of
the bearings, due to which the relative axial displace-
ment of the roll streams occurs and the shapes of the
deformation centers are distorted. This leads to biting
of the pipe metal and the appearance of errors in their
shapes. In addition, the design of the stands does not
allow compensating for errors in processing and as-
sembly of parts, which leads to the appearance of
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additional loads. Effective management of the rolling
process and the exclusion of the appearance of non-
technological loads in the elements of the working
stand caused by inaccuracy in the manufacture and
assembly of parts allows the use of a pressure device
of optimal design. Fig. 15 shows the kinematic and
structural diagrams of such a pressure device, which
contains wedge and screw mechanisms for moving the
bearing assemblies of the upper roll. In the structural
diagram, the movable MOD is represented by a kine-
matic pair of the fourth kind.
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Fig. 15. Kinematic and structural diagram of the pressure device of optimal stereometry

The wedge mechanisms contain wedges 1, moving
in a plane perpendicular to the rolling axis, in opposite
sides of the roll axis along the inclined contact surfaces
of the pillows of the bearing assemblies of the upper
roll. Two pairs of compensating inserts with cylindrical
surfaces, the axes of one of which 2, installed on the
wedges 1, are parallel to the longitudinal axis of the
frame, and the axes of the other 3, in contact with the
frame, are parallel to the roll axis. Screws 4, fixed in
the frame by kinematic pairs of the fourth kind, which
provides rotational movements in the spherical holes
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of the frame and eliminates rotation of the screws rela-
tive to their own longitudinal axes, nuts 5 and spherical
washers. The optimal scheme of the pressure device
is built using structural synthesis methods [10], which
satisfies the conditions of unconstrained assembly and
indifference to deformations of the base parts, and this
allows for effective rolling of long conical pipes, elimi-
nating the manifestation of non-technological loads in
the elements of the working stand; simplifying the ad-
justment process; increasing the reliability and durabil-
ity of the stands.



Conclusions. The main difference of the techno-
logical process under consideration is the need for a
programmatic change in the stroke length of the work-
ing rolls (cell), i.e. the values of the displacements of
the MOD of the pipe billet, which necessitates the need
for discrete changes in the draw coefficients and all en-
ergy-power and geometric parameters during the roll-
ing cycle of a long product with variable cross-sectional
parameters. Based on the conditions for obtaining the
specified geometry, the features of the functioning of
the HPTC mill with a drive lever mechanism in relation
to the technological and mechanical parameters of the
process implementation are revealed. The develop-
ment of an iterative model of the formation of tubular
products of variable cross-section, the lengths of which
are many times greater than the sweeps of the caliber
stream, is presented, the results of which were used in
the development of methods for calculating the tech-
nological parameters of the HPTC mill settings in the
conditions of pilot production of the State Enterprise
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"Research and Design and Technological Institute of
the Pipe Industry named after Ya.Yu. Osada".

Design solutions for further improvement of equip-
ment elements are considered. In the state of the
HPTC [7], the drive of the variable-size stand stroke is
carried out by the simplest epicyclic internal gear trans-
mission with two degrees of freedom, and the position-
ing of the stand elements to perform the feed-turn op-
eration before the start of the next rolling cycle is im-
plemented by a worm gear, which allows improving the
stereometry of the unit for the manufacture of long tub-
ular products with variable cross-sectional parameters
with a simultaneous reduction in material consumption.

The presented studies on the behavior of MOD el-
ements allowed us to develop design solutions that im-
prove the quality characteristics of the manufacturing
process of tubular products with variable cross-sec-
tional parameters, the length of which is many times
greater than the sweep of the caliber stream.
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CyuacHi TeXHO0JIOTII BUPOOHUIITBA TPY0-000/I0HOK TEIIOBUALISIOYHAX

Modern technologies for the production of fuel element cladding tubes
(FEEL) from zirconium alloys and the state of production in Ukraine

https://doi.org/10.15802/tpm.3.2025.03
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Baxpywesa B.C.

esieMeHTiB (TBEJI) 3 cnuiaBiB IUPKOHIIO TA CTaH BUPOOHUIITBA
B YKpaiHi

Vakhrusheva V.S.

AHomauisi. Y menepiwHili yac amomHa eHepaemuka 36epieae c8oi mo3uuii sik 0OUH 3 OCHOBHUX C8imMo8uUX OXepes eHe-
peii. B YkpaiHi nepedbaqvaembcsi nodanbwiuli po3eumoK amoMHOI eHepeemuKu moMmy 0OHUM 3 8aX/IUBUX HarpsiMKie €
CMBOpPEHHS 8/1aCHO20 sI0epHO nanusHo20 yuky(AriL). Cknadosoro yacmuHot Al € supobHuymeo mpy6-06010HOK
menosudinsitoHux enneMeHmie 3 crinasy yupkoHito ZriNb. Memoto pobomu € po3pobka mexHosnoaii, 8U20MOBIEeHHS
docnidHux napmit mpyb6 i3 crnasy yupkoHito ZriNb e YkpaiHi ma docnidxeHHs ix sskocmi. Memoduka. BuzomoeneHHs
mpyb6 8 8upobHuU4UX ymosax. [JocnidxeHHs1 skocmi mpy6 3 aUKOpUCMaHHSIM OrMmuYHOI MIKpOCKOIIT, MakpoCmpyKmypHO20
aHaniay, mexaHidHuUx eunpobysaHb rpu KiMHamHoi ma nidsuweHoi memnepamypax, oujiHka opieHmauii 2idpidie, Kopo3iliHi
surnpobysaHHsi, docnidxeHHs mpusarsioi MiyHocmi, noe3y4yocmi. Pe3ynsmamu. Bnepwe 8 YkpaiHi Ha 6a3i [JepxasHozo
nidnpuemcmea «Haykogo-0ocniGHUU ma KOHCMPYKMOPCbKO-MEXHOM02iYHUl iHcmumym mpy6HOI npomucrogocmi im.
A.10. Ocadu» sukoHaHi pobomu o po3pobui mexHonoeii ma au2omosneHHo 0ocnioOHux napmiti mpy6-06010HOK menn-
nosudinsitoyux enemeHmis(TBEJI) 3 yupkoHiesozo crninasy Zr1Nb poamipom @9.13x 6H. 7.72 mm. OujiHeHa skicmb mpy6
32i0Ho 3 sumoeamu cmaHdapmig ASTM. KomninekcHi docnidxeHHs cmpykmypu, gnacmuegocmet rnoka3asu eiornosioHicms
sumozam cmaHOapmis ASTM. Haykosa Hosu3Ha. Bnepuie 8 YkpaiHi po3pobrieHa mexHorozisi ma 8 npoMuc/iogsux yMmosax
guezomossnieHi mpybu—obooHKU — meriogudinsYuUX  efieMeHmie 3  UupKoHiegozo crinagy Zr1Nb  poamipom
?9.13x%8H.7.72mMm. [Toka3aHo, wo sikicmb mpy6 sidnosidae saumozam cmaHdapmie Ha mpybu. [MpakmuyHa 3Havyumicme.
Ha ocHosi sukoHaHux docnidxeHb MOXIuga opaaHisauis npomMucio8020 8UpPobHUUMEa 8 ymosax mpybHux 3agodig YK-
paiHu.

Knroyoei crioea: amomHa eHepaemuka, mpyba-060510Hka mennogudinisoyul esieMeHm, Criia YUPKOHI0, MeXHOI0zis,
SKicmb.

Abstract. At present, nuclear energy retains its position as one of the main world energy sources. In Ukraine, further
development of nuclear energy is planned, therefore, one of the important directions is the creation of its own nuclear fuel
cycle (NFC). An integral part of the NFC is the production of fuel element cladding tubes from zirconium alloy Zr1Nb. The
purpose of the work is the development of technology, the manufacture of pilot batches of tubes from zirconium alloy
Zr1Nb in Ukraine and the study of their quality. Methodology. Production of tubes in production conditions. Research of
the quality of tubes using optical microscopy, macrostructural analysis, mechanical tests at room and elevated
temperatures, assessment of hydride orientation , corrosion tests, studies of long-term strength, creep. Results. For the
first time in Ukraine, on the basis of the State Enterprise "Scientific and Design and Technological Institute of Pipe Industry
named after Ya.Yu. Osada", work was carried out on the development of technology and the manufacture of pilot batches
of tubes-shells of fuel elements (TVEL) from zirconium alloy Zr1Nb with a size of @9.13% in. 7.72 mm. The quality of the
tubes was assessed in accordance with the requirements of ASTM standards. Comprehensive studies of the structure
and properties showed compliance with the requirements of ASTM standards. Scientific novelty. For the first time in
Ukraine, a technology has been developed and tubes-shells of heat-generating elements made of zirconium alloy ZriNb
with a size of @9.13xin.7.72mm have been manufactured in industrial conditions. It has been shown that the quality of
the tubes meets the requirements of the standards for tubes. Practical significance. Based on the research performed, it
is possible to organize industrial production in the conditions of Ukrainian tube plants.

Keywords: nuclear power, shell-and-tube fuel element, zirconium alloy, technology, quality.

Introduction. Nuclear energy accounts for 1/6 of
the world's fuel and energy balance and 43% for West-
ern Europe. The growth of nuclear power plant capac-
ities is predicted , primarily in the countries of Asia and
the Asia-Pacific region (China, South Korea, India, Ja-
pan), some countries of Eastern Europe (Czech Re-
public, Slovak Republic), as well as a number of coun-
tries that are members of the Commonwealth of Inde-
pendent States (Kazakhstan). Many countries intend
to create nuclear power, including: Turkey, Iran, Indo-
nesia, Vietnam [1, 2].

© Vakhrusheva V.S., 2025
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Given the significant role of nuclear energy in en-
ergy supply and the low cost of electricity production at
nuclear power plants, which is achieved mainly due to
the fuel component, it was natural to pose the problem
of creating a National Nuclear Fuel Cycle (NFC) in
Ukraine, which would guarantee the provision of nu-
clear power plants with fresh fuel, the supply of which
should be independent of political and economic rela-
tions [2].

The problem of creating a National Center for the
Promotion of Culture in Ukraine is part of a complex of

This is an Open Access article under the CC BY 4.0
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particularly important national tasks.

An integral part of the Comprehensive Program for
the Creation of the Nuclear Power Plant is the organi-
zation of the production of zirconium rolled products -
fuel element cladding tubes and fuel assembly compo-
nents. Until now, fuel element cladding tubes made of
zirconium alloys have not been produced in Ukraine.
The technology for manufacturing fuel element clad-
ding tubes is one of the most science-intensive in the
theory and practice of pipe production.

The operation of fuel element cladding tubes in the
core is carried out in the most extreme conditions: at
high operating temperatures, cyclic mechanical and
thermal loads, in intense radiation fluxes, in the pres-
ence of an aggressive coolant and fuel pellet environ-
ment. On this basis, a set of strict requirements is put
forward for cladding tubes: high mechanical properties
at different temperatures, corrosion resistance in differ-
ent environments at high pressures and temperatures,
the required structure, texture, surface condition, re-
strictions on the anisotropy of properties, orientation of
hydrides, and the presence of fluorine ions on the sur-
face [3, 4].

Purpose and tasks. It is the metallurgical prob-
lems of creating a complex of properties of fuel ele-
ment cladding tubes that determine the requirements
for building a technological process. In world practice,
technologies for producing fuel element cladding tubes
from zirconium alloys were created 50-70 years ago, in
this regard, when organizing their production in
Ukraine, the achievements of modern science and
technology should be taken into account.

Creative generalization of world science made it
possible to establish that the most complete complex
of metallurgical and technological tasks of production
and use of tubes in the core zone of NPPs is reduced
to reducing the structural and chemical heterogeneity
of metals at all stages of technological processes:
metal smelting, manufacturing of billets and tubes, cre-
ation of structures of a certain type, which provide in-
creased radiation and corrosion resistance, reduction
of hydride embrittlement , improvement of the surface
quality of products. The final phase of research and de-
velopment is the organization of production of fuel rod
cladding tubes from zirconium alloys in the conditions
of Ukrainian enterprises.

Thus, the need to solve the complex scientific prob-
lem of improving the quality of pipes and organizing
their production for the core of nuclear power plants
(NPPs) in Ukraine determines the relevance of the
problem.

Material and methods of research. The main type
of reactors used at Ukrainian nuclear power plants are
water-water reactors cooled by ordinary water under
pressure, VVER-type shell reactors. In the active
zones of the reactors under consideration, similar in
type but different in design are used, rod fuel elements
assembled into assemblies, the tubes of which are
made of zirconium alloys Zr1Nb, and Uo2 pellets with
different enrichment in U-235 (up to 5%) are used as
nuclear fuel.
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Elements of tubular structures widely used in the
cores of nuclear reactors, for example, fuel rods, are
among the most loaded structural components of the
cores of nuclear reactors.

Fuel rods are operated in very difficult conditions: in
powerful radiation fields of all types of reactor radiation;
at high internal temperatures of the fuel core, reaching
2000...2500°C in the center, in the cladding -
300...350°C, at fairly high coolant pressures up to
16...17 MPa, with active external corrosion action on
the cladding from the coolant side and internal - from
the fuel side, gaseous and volatile uranium fission
products, under the action of complex stresses on the
fuel rod cladding tube material , swelling fuel, thermal
cycles, radiation deformation, as well as hydrodynamic
effects of high-speed coolant flow. [3]. Therefore, the
work carried out comprehensive testing of the metal
using optical microscopy, quantitative metallography,
evaluation of mechanical properties at room and ele-
vated temperatures in the longitudinal and transverse
directions, corrosion tests, evaluation of hydride orien-
tation, ultrasonic and eddy current control. In addition,
creep and low-cycle fatigue were investigated.

Research results. In Ukraine, on the basis of the
State Enterprise "Scientific Research and Design and
Technological Institute of Pipe Industry named after
Ya.Yu. Osada" (SE "NDTI"), work was carried out on
the development of technology and manufacturing of
shell tubes and fuel assembly products from zirconium
alloy Zr1Nb of Ukrainian production. During the work in
this area, the following complex of works was carried
out within the framework of the Program for the crea-
tion of the Nuclear Power Plant:

- the main technological schemes for the pilot-in-
dustrial production of casing pipes and rods have been
developed in relation to the domestic production base;

- several experimental batches of fuel element clad-
ding tubes made of Ukrainian-made Zr1Nb alloy were
manufactured at various Ukrainian pipe plants under
industrial production conditions;

- a comprehensive assessment of the quality of ex-
perimental batches of pipes was carried out, confirm-
ing their compliance with the main indicators with the
requirements of regulatory documentation (ASTM
standards);

- a package of the first versions of regulatory docu-
mentation for the production of pipes and rods (tech-
nical specifications for pilot batches of pipes and rods,
technological instructions, control methods) was devel-
oped and approved,;

- a set of measures and technical solutions has
been developed to modernize existing and purchase
new equipment, ensuring the efficiency of the techno-
logical process and product quality;

- the basic technological scheme of industrial pro-
duction of zirconium rolled products in Ukraine has
been determined.

As part of the work performed, a technological
scheme for the manufacture of fuel element cladding
tubes using new elements was proposed:
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- use of cast pipe billets obtained by various smelt-
ing methods: electron beam, vacuum arc and centrifu-
gal casting;

- high-temperature pressing in the B-region of cast
pipe blanks with large degrees of deformation;

- hardening by rolling heating.

In Ukrainian pipe plants, experimental batches of
cladding tubes and rods that complete fuel assemblies
were rolled in industrial conditions.

New elements of the technological scheme for pipe
production include, first of all, the production and use
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of cast pipe billets ©@150-200 mm and &80 mm, man-
ufactured by various methods: electron beam remelt-
ing with electromagnetic stirring, vacuum arc remelt-
ing, and centrifugal casting.

Cast pipe blanks were comprehensively investi-
gated: macro- and microstructure, chemical composi-
tion, mechanical properties, hardness were evaluated.
Quantitative metallography and electron microscopic
studies were performed [5, 6]. Fig. 1 and 2 present the
macro- and microstructure of cast billets of different
smelting methods.

AR R0
el

4

Fig. 1. Macrostructure of cast pipe billets of different smelting methods: a — electron beam remelting (EBR);
b — electron beam remelting with electromagnetic stirring (GEMP);c — vacuum arc remelting (VDP)

The macrostructure of the ZriNb alloy melted by
vacuum arc remelting (VDP), compared to electron
beam remelting (EBR), is more homogeneous and

of

Fig. 2. Microstructure
a-EPP;b-GEMP; c-VDP
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fine-grained, as evidenced by the sizes of the a-zirco-
nium and B-niobium plate packages and their periodic-

billets of different smelting methods:
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Fig. 3. Distribution of the width of the plates in the batch structure of castings of different smelting methods:

a — EPP casting from ZriNb alloy; b — VDP casting

In the structure of cast blanks obtained by the VDP
method, as compared to EPP, the size of the plates
and the period of alternation of groups in packages are
several times smaller and are 6...8 ym, as compared
t0 20...30 ym in EBR.

The characteristics of centrifugally cast pipe blanks
according to the same parameters occupy values in-
termediate between EBR and VDP.

Special attention during the development of the
technological scheme for the production of pipes was
paid to the hot reshaping of cast pipe blanks [5]. The
new solution of high-temperature pressing in the 3-re-
gion with large plastic deformations was preceded by
a set of studies on the influence of the deformation

temperature, heating rate, degree of metal drawing
(deformation), coating quality, assessment of the size
of the gas-saturated layer, etc. Assessment of the
properties of the metal structure by various methods
made it possible to choose the optimal temperatures
and degrees of metal deformation during hot pressing.
Fig. 4 shows the metal structure of hot-pressed pipes
at deformation temperatures in the range of

850...1100°C. The metal structure of pipes measuring
@59%12 mm (trex pipes) is different - from the unre-
crystallized one obtained at a deformation temperature
of 850°C (Fig. 4 a), to bainite (Fig. 4 b) and martensitic
(Fig. 4 ¢).

Fig. 4. Structure of hot-pressed pipes, at a deformation temperature of 850°C, not recrystallized, (a) to bainite

(b) and martensitic (c)

In the manufacture of fuel element cladding tubes
from zirconium alloys, the level of plasticity, which is
determined by the structural state obtained at the stage
of hot deformation, has a significant impact on the be-
havior of the metal during cold deformation. The tech-
nology developed at SE "NDTI" allows for one cycle of
hot pressing to obtain trex tubes with a homogeneous,
finely dispersed structure [ 6 ]. This creates the prereg-
uisites for increasing the degree of deformation during
rolling of tubes at the first cold re-section.

In the course of the research, it was established
that the formation of a martensitic-type structure during
hot deformation provides higher technological plastic-
ity during the first cold reshaping.

A comprehensive assessment of the quality of fuel
rod cladding tubes rolled using new technology ele-
ments showed that the tubes meet the requirements of
ASTM standards in terms of their main parameters [7].

In addition to traditional tests regulated by stand-
ards, such as:

- estimation of geometric dimensions;

- evaluation of mechanical properties at room and
elevated temperatures in the longitudinal and trans-
verse directions;

- corrosion tests in steam under pressure;

- assessment of hydride orientation;

- determination of the anisotropy coefficient;

- ultrasonic control;
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- eddy current control;

- surface roughness assessment;

- the presence of fluoride ions on the surface,

additional studies have been performed:

- low-cycle fatigue;

- creep;

- long-term corrosion resistance tests;

- electron microscopic studies;

- scanning electron microscopy to assess surface
quality.

Analyzing the obtained results of the research on
the quality of casing pipes, it should be noted the fol-
lowing. Research on the mechanical properties of
pipes tested during stretching in the longitudinal and
transverse directions at temperatures of 20°C and
350°C showed high plasticity with a high level of
strength characteristics, which significantly exceed the
requirements of ASTM standards and other standards
(Table 1).

Table 1 - Mechanical properties of casing pipes of size 9.13x in 7.72 mm from Zr1Nb alloy

Mechanical properties
Longitudinal direction Transverse direction
Manufacturer Tensile Yield Relative Tensile Yield Relative
strength oe ,|strength ooz, |lengthening strength s, [Strength ooz, |lengthening
H/mm?2 H/mm?2 5, % H/mm?2 H/mm?2 5, %
Test temperature 20°C
oh gti 580-590 415-425 34-36 550-600 500-533 16.1-16.7
JSC "NPTZ" 615-650 480-495 30-33 605-650 560-595 13-13.3
REQUIREMENTS 410 240 20 - - 12
TU 95-405-89
no less than
The temperature is 380°C
oh gti — — — 226-235 222-226 27-30
JSC "NPTZ" 235-265 135-153 530-560 225-240 190-200 27-36
Requirements - 80 - 148 130 33
TU 95-405-89
no less than

The higher level of mechanical properties is due to
the significantly increased oxygen content in the Zr1Nb
alloy (0.12...0.16%). Studies conducted at the National
Scientific Center “Kharkiv Institute of Physics and
Technology” at the electron microscopy level have es-
tablished that this has a positive effect on the behavior
of the metal when irradiated.

The values of the increase on samples of Ukrain-
ian-made pipes of different melts and manufacturing

methods are close to each other and are 14-16 m?
/dm3, which does not exceed the requirements of TU
and ASTM standards.

The study of corrosion of Ukrainian-made Zr1Nb al-
loy pipes under three different autoclaving regimes
showed that the corrosion rates are similar for the ma-
terials under study. An additional test regime for 72,
500, 1000 hours did not reveal any signs of nodular
corrosion, fracture sites, or surface whitening (Fig. 6).

N 40
& {
2 350 °C, 16,8 Ma
I x + X Z
- X
020 [ [
9 '
&
0200 400 &0 5000

Fig. 6. Corrosion kinetics of samples of experimental batches of fuel element cladding tubes: 1 - alloy E-110;

2 - alloy CTC (calcium-thermal zirconium)

Studies of long-term strength and creep at loads
from 157 to 227 MPa and test temperatures of 380°C
showed higher plasticity of the Zr1Nb alloy in creep re-
sistance tests. The time to failure - the moment of the
appearance of the first microcracks at P=157 MPa for
pipes made of Zr1Nb alloy was 1206 hours, the aver-
age creep rate £€=3-10-4%h, and for the E-110 alloy -
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1170 hours at € = 5-10-3%h (Fig. 7).

The microstructure of the finished pipes, evaluated
using optical and electron microscopy, regardless of
the technological options for production, is equiaxed.
recrystallized grains of the a-phase with dispersed in-
clusions of the 3-Nb phase (Fig. 8), grain size 3-10 pm.
The recrystallization processes were complete, which



was confirmed by electron microscopic studies.
Most grains (90%) are oriented with the basal plane
(0001) almost parallel to the pipe surface, as shown by
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the texture study data.
The average orientation coefficient of hydrides in
rolled pipes is 0.2-0.35 (Fig. 9).

& -
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Fig. 7 Creep curves of fuel element

cladding

tube samples: 1 - alloy KTC 110

(P=221 MPa); 2 - alloy KTC 110 (P=219 MPa); 3 - alloy E 110 (P=119 MPa).

Fig. 8. Microstructure (a), X200 and separation of the second phase (b), x1000 (b)
in pipes with dimensions of 9.13x7.72 mm made of ZrINb alloy

Fig. 9. Orientation of hydrides in the metal of pipes measuring 9.13x7.72 mm in size made of ZrINb alloy

Experimental batches of tubes were used to manu-
facture fuel rod models, which were tested in condi-
tions close to reactor conditions. All models withstood
the tests.

The main results of the work carried out to develop
the technology of zirconium rolling are briefly pre-
sented above. The entire complex of works on the
smelting of the billet, chemical treatment, calculations
of tool calibrations, acoustic emission studies on the
selection of the limiting degrees of deformation, studies
of crack resistance, etc. are not reflected.

Unfortunately, in recent years, work in this area has
been discontinued in Ukraine.

The plant, which was supposed to house the pro-
duction of zirconium rolled products and other types of
pipes for the needs of nuclear energy, - the Experi-
mental Plant of the Pipe Institute (OZ GTI, and then

DZPT) - was completely destroyed, and the Pipe Insti-
tute (SE "NDTI" named after Ya.E. Osada) is in critical
condition.

Ukraine still has scientific and production potential
that needs to be used in the near future. For example,
the production of zirconium rolled products can be lo-
cated in Nikopol at the OSKAR plant (the former shop
for the production of pipes for nuclear power TVC-4
PTZ).

Conclusions

The conducted research allowed us to develop a
basic technological scheme for the production of zirco-
nium rolled products: fuel element cladding tubes, zir-
conium alloy rods. The first version of regulatory docu-
mentation was created.

With a state approach, in the context of the ap-
proved decision to build a nuclear fuel production plant
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and the availability of a zirconium raw material base in
Ukraine, the creation of the production of components
for the manufacture of fuel assemblies, primarily fuel
element cladding tubes, should not be postponed for
decades. It is necessary to use the achievements of
the Ukrainian scientific school in the field of obtaining
zirconium alloys and rolling from them.

The primary tasks for organizing the production of
zirconium rolled products are:

1. Obtaining zirconium sponge and ingots from it.

2. Creation of production facilities for the production
of ingots and trex pipes.

3. Reconstruction and acquisition of equipment for
rolling and quality control of fuel rod cladding tubes at
the OSKAR enterprise (Nikopol, former TVC4).

4. Resume research and development work to sup-
port the organization of production and rolling of zirco-
nium and its alloys in Ukraine.

BibniorpaciuHun onuc
1 [MepcnekTBHI HANPSMK pO3BMTY aTOMHOI eHepreTukn Ykpaiiu. 3a matepianamuv Jonosidi Ha 3aciganHi MNpeanaii

H.AH Ykpainu BicH. HAH Ykpainu, 2023, Ne4.

2. EHepretuyHa cTpateria YkpaiHu Ha nepiog go 2035 poky «beaneka, eHeproedekTMBHICTb, KOHKYPEHTOCMPOMOX-

HicTb». Po3nopsamxkeHHs KMY Ne605-p sig 18.08.2017.

3.  Bammosckuii A.C., Hukynura A.B., PeweTtHukos H.I". LinpkoHnesble cnnasbl B aTOMHOW 3HepreTuke. M.: SHeproaTto-

muapat, 1981. 256 c.

4, KobbinsHckui .11., HoBocenos A.E.. PagnaumoHHas CTOMKOCTb LMPKOHWS U CMNTaBOB Ha ero ocHose. CnpaBoy-
Hble MaTepuarnsl No peakTopHOMY mMaTepuanoBsegeHuio. Aumutposrpag, 1996. C. 1-174.
5. Baxpywesa B. C., CyxomnuH I'. 1., KoneHkoBa O. A. OcobeHHOCTM NpoLeccoB CTPYKTYpoo6pa3oBaHus B cnna-

BaX LMPKOHMS C HMobrem B NUTOM U ropsveaedopMmpoBaHHOM coCcTOosIHUAX. Memarno3Haecmeo ma mepmidHa 06pobka
memarnia: Haykos. iHgpopm. xypHan. NOABA. 2002. Ne 2-3. C. 11-18.

6. BaxpyweBa B.C., bypsik T.H., KoneHkosa O.A. BrniusiHne cnocoba nony4yeHunsi nuTon TpybHOM 3aroToBKM Ha CTPy-
KTYpY ¥ CBOWCTBaA ropsidyenpeccoBaHHbix Tpyb 13 cnnasa Zr1Nb. Bonpocsl amomHoul Hayku u mexHuku. Cepusi: Bakyym,

yucmsle memarnnbl, ceepxnpogodHuku. 2002. Ne 1, C. 93-95.

7. Cranpgapt ASTM: B523/B523M - 12 StandardSpecification for Seamless and Welded Zirconium and Zirconium Alloy

Tubesl

References
1.  Perspectivni naprjami rozvitky atomnoi energetiki Ukraini. (2023). Za materialami.dopovidi na zacidanni Prezidii NAN

Ukraini Vicn. NAN Ukraini , No 4.

2.  Energetichna strategiya Ukraini na period do 2035 roky “Bezpeca, energoefektivnict, konkurentnospromozhnist”.

Rosporyadzhennya KMU 605-p vid 18.08.2017.

3. Zaimovsk, A. S., Nikulina, A. V., & Reshetnikov, N. G. (1981). Zirconievi splavi v atomnoi energetike. M

Energoatomizdat.

4.  Kobilyansci, G. P., & Novocelov, A. E. (1996). Radiatsionnaya stoikost zirconiya | splaviv na ego osnovi. Spravochni

materiali po reactornomu materialovedeniyu. Dimitrovgrad.

5. Vakhrusheva, V. S., Cukhomlin, G. D., & Kolenkova, O. A. (2002). Ocobennosti protsecov ctrukturoobrazovaniya v
splavach zirconiya c¢ niobium v litom | gor yachedeformirovannom coctoyaniyakh. Mtaloznavstvo ta termichna obrobca

metaliv. Naukov. inform.zhurnal PDABA, (2-3), 11-18.

6. Vachrusheva, V. S. Buryak, T. N., & Kolenkova, O. A. (2002). Vliyanie spocoba polucheniya litoi trubnoi zagotovki
na structure | svoistva goryachtpresovannich trub iz splava Zr1Nb. Voprocu atomnoi nauki | tekhniki. Seriya: Vakuum ,

chistue metali, cverchprovodniki, 1, 93-95.

7.  Standart ASTM: B523/B523M - 12 StandardSpecification for Seamless and Welded Zirconium and Zirconium Alloy

Tubesl

32

HadicnaHo 0o pedakuii / Received: 07.05.2025
lpudHamo o dpyky / Accepted: 30.08.2025



UDC 621.771

ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2025, Ne 3
Theory and Practice of Metallurgy, 2025, No. 3

https://doi.org/10.15802/tpm.3.2025.04

HlugppiH €.1., I'yasies 10.I.
YnocKOHAJIEHHS METOAMKH PO3PAXYHKY TA0JUIb MPOKATKH JJIs 0e3-

nepepBHUX 0€30NPABKOBHUX CTAHIB rapAa4o0i NPOKATKH TPYO

Shifrin E.L, Gulyaev Y.G.

ous mandrel-free hot pipe rolling mills

AHomauis. Bid moeo, sKum YUHOM rnpu pospaxyHKax napamempie HanawmyeaHHs i KaribposoK 8arsikie KanibpysanbHuUX
i pedykuiliHux cmaHie 2apsiHoi 6e30rpaskosoi npokamxku mpyb6, y neeHit Mipi 3anexxums ix MoYHiCMb Mo MOBWUHI CMIHKU
i diamempy. [o 3Ha4ywux ghakmopis, siki Maromb 3Ha4HUl ernue Ha npouec ¢hopMo3MiHEHHS mpy6 npu no3008xHil
npokamui 8 kanibpax 6e3nepepeHo2o 6e30rpasko8o2o cmaHa 8i0HOCAMbCSI criocobu obpobku kanibpie earkie (iHOUEI-
OyanbHa 0bpobka KOXHO20 8arika okpemo abo obpobka kanibpie y 360pi). Po3apobrieHo HO8y MemoOuKy po3paxyHKy
mabnuub npokamku mpy6 y 0aHUX cmaHax, sika 8paxosye MexHOIoeito HapisaHHS Kanibpie npokamHux earskie. [Jose-
0eHo, W0 8UKopucmaHHs1 y00CKOHaneHoi MemoduKu po3paxyHKy mabnuub npokamku Ha KanibpysanbHUX i pedyKuiliHUX
cmaHax pi3HoOi KOHCMPYKUii 03807159€ 8u2oMoeIAMuU 2apsiyekamaxi mpybu 3 cymmesum rnid8ULWEHHSIM MOYHOCMI 2e0-
Mempu4HUX PO3MIpI8 i 3HXKEHHSIM sumpam memariy.

Knroyoei cnoea: kanibposka earkie, pedyKuiliHuli cmaH, KanibpysanbHuli cmaH no3008xHs1 be3onpaskoea rnpokamka,
mabnuys npokamku.

Abstract. The way in which the setup parameters and fork calibrations of calibration and reduction mills for hot man-
drelless pipe rolling are calculated depends to a certain extent on their accuracy in terms of wall thickness and diameter.
Significant factors that have a significant impact on the process of pipe forming during longitudinal rolling in the gauges of
a continuous mandrelless mill include the methods of processing roll gauges (individual processing of each roll separately
or processing of gauges as a whole). A new methodology has been developed for calculating pipe rolling tables in these
mills, which takes into account the technology of cutting roll gauges. It is proved that the use of an improved methodology
for calculating rolling tables on calibration and reduction mills of various design allows the production of hot rolled pipes
with a significant increase in the accuracy of geometric dimensions and a reduction in metal consumption.

Keywords: roll calibration, reduction mill, calibration mill, longitudinal mandrelless rolling, rolling table.

Dedicated to Professor, Doctor of Technical Sciences GENADIY IVANOVYCH GULYAEYV - an outstanding Ukrainian
scientist, one of the founders of the theory of pipe reduction

Improvement of the method for calculating rolling tables for continu-

State of the problem. The main issue of the tech-
nology of rolling pipes on continuous mandrel -free lon-
gitudinal rolling mills (as well as on other pipe rolling
mills) is the possibility of manufacturing pipes on these
mills with high accuracy of wall thickness and diameter,
which largely depend on how the main technological
parameters of the forming process are set. This also
includes the method of calculating rolling tables.

To date, the following calculation scheme for tables
of continuous, burr-free calibration (reduction) of pipes
is most often used.

The mode of distribution of partial deformations
g;across the cages is set.

The ovality value of the calibers is set 4. In assign-
ing the values, A; the accumulated empirical experi-
ence of operating a specific pipe rolling unit is used, or
calculation methods are used. In determining the value
A; by calculation, the formula of G.I. Gulyaev is most
often used [1]

a=(2)" &)

1-¢;

© Shifrin E.I., Gulyaev Y.G., 2025

where q; is an empirical coefficient that depends on
the number of rolls in the stand and the steel grade of
the deformed pipe.

Further, using the assumption that the average di-
ameter of the caliber D; is equal to the sum of its height
h; and width b; [5]

D; =b; + h;, 2

or the method proposed in [1], calculate the height
h; and width b; of each gauge, as well as the values of
the quantities that determine the dimensions of the
gauge (radius R; and eccentricity e; for each of the
gauges that are cut individually; cutter diameter Dy;
and cutter offset F; for each of the gauges that are cut
in an assembly).

The disadvantage of this method of calculating roll-
ing tables is that the value of the broadening index &b;
(which largely determines the level of transverse wall
difference of finished pipes) of the continuous state is
not an independent variable in each stand, and its
value is determined by the initially selected mode of
distribution of partial deformations &; and the ovality of
the calibers 4;.

This is an Open Access article under the CC BY 4.0
license https://creativecommons.org/licenses/by/4.0/
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At the same time, it was established that, given the
initially given law of distribution of partial deformations
g; across the stands of a continuous mill, the use of
assumption (2) gives a significant error in determining
the geometric parameters of the gauges, because the
ovality of the gauges A; also significantly depends on
the technology of cutting them on the rolls [6].

Improved method for calculating rolling tables for
continuous, straight-run hot-rolling pipe mills.

Based on the shortcomings that were identified
when using the current methods for calculating rolling
tables for hot-rolled pipes on continuous longitudinal
rolling mills, two practical conclusions were made re-
garding the development of a new, different from the
above, concept of building rolling tables for coreless
deformation of pipes.

Firstly, when developing tables for specific pipe
sizes, it is advisable to initially specify the values of the
expansion indices &b; in continuous state cages, and
the ovality of the calibers 1; is determined as a function
of the values of partial deformations ¢; and §b;.

Secondly, the ovality value A; must be determined
depending on the technology of caliber manufacturing.
This approach to compiling tables of continuous man-
drel-free pipe rolling is protected by patents of Ukraine
[2, 3].

According to the proposed methodology, the calcu-
lation of the parameters for the calibration of rolls of a
continuous longitudinal rolling mill for coreless rolling
(calibration or reduction) of the outer diameter of a

rough pipe blank D, to the value D, is carried out in the
following sequence.

Calculate the total absolute deformation of the re-
duction along the outer diameter AD5;, = D, — D;.

The number of mill stands required to perform the
deformation 4Dyis determined N.

Assigning the values of the diameters of the work-
piece D; after rolling in each stand of the mill, the total
absolute deformation is distributed ADsbetween the
stands Nand the partial deformations are calculated
& = 1- %

J

Specify discrete values of the broadening 6b; in the
cages of the state.

Depending on the technology used to manufacture
the gauges, the ovality of the gauges is determined 4;,
which provides reduction with partial deformation ¢; by
widening 8b; in every cage of the state.

Depending on the gauge manufacturing technology
used, the height h; and width b; of each gauge are cal-
culated, as well as the gauge dimensions (radius R;
and eccentricity e;- for each gauge that is cut individu-
ally; cutter diameter Dy; and cutter offset F; - for each
gauge that is cut in an assembly).

Calculations and industrial experiments. As an ex-
ample, Table 1 shows the calculated parameters for
rolling a D, =168.3 mm pipe from a D, =182 mm billet
(rolling temperature ot =740 oC) in a 5-stand calibra-
tion mill with two-roll stands, the roll calibers of which
are individually cut.

Table 1 - Forming parameters when using the known (formula 1) and new improved (proposed) [3] method

of calculating rolling tables of the calibration mill

Parameters Cage number.i
1 [ 2 [ 3 | 4 [ 5
Known method
q; 15 15 15 15 15
& 0.02 0.03 0.01 0.0086 0
D;, mm 178.36 173.01 171.28 169.8 169.8
A 1.0307 1.0467 1.0152 1.0131 1.0000
6b; -0.032 0.19 0.362 0.019
Proposed method
&b;, mm 0.2 0.2 0.2 0.2
& 0.02 0.03 0.01 0.0086 0
D;, mm 178.36 173.01 171.28 169.8 169.8
A 1.0438 1.0480 1.0019 1.0178 1.0000

As follows from the above data, when calculating
the rolling parameters according to formula (1) for the
value of the indicator 1.5 recommended in [1, Table 13]
q; = (which, according to the authors, should ensure
rolling with a broadening index &b, =0.2) the values
of the broadening indices are §b; =—0.032+0.362 and
differ significantly from the value &b; (the ratio ;b—bz"_ var-
ies within — 0.16...1.81). This fact is explained by the
fact that when using the known method, the value §b;
is dependent on the selected values of partial defor-
mations ¢; and the calculated values 4;. In the case of
using the proposed method (according to the method
[2]), the value of the broadening index §b; is initially set

34

(in the example under consideration, §b; =0.2), and
the calculated values of the ovality of the gauges 4; en-
sure rolling according to the initially assigned values
g;and 6b;.

Industrial testing of the proposed method for calcu-
lating rolling tables (roll calibration) was performed for
mills with long-roll stands and calibers cut in assembly,
carried out in the conditions of a 24-stand reduction mill
TPA 140, a 22-stand reduction mill TPA 30-102 and a
5-stand calibration mill TPA 350 "Interpipe Niko Tube

Analysis of rolling parameters when using existing
roll calibrations showed that the broadening indicators
&b; in the first five stands of the reduction mill in the



roling process, they have values within
6b; =30.2+66.2%, and in the following stands (except
for the last two) §b; =9.4+18.4% (Fig. 1).

Considering that the 22-stand reduction mill TPA

30-102 produces both relatively thin-walled (% <0.1)
t
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and relatively thick-walled (% >0.1) pipes, two modes
t

of distribution of broadening indices across the stands
of the reduction mill were proposed, the parameters of
which are shown in Fig. 1.
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Fig. 1. Shop basic (1) and proposed (2, 3) modes of distribution of expansion indicators §b; across the stands
of the TPA 30-102 reduction mill when rolling along the “basic” route D, - D, =117 =42 mm: 2 - % <0.1;
t
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As an example, Table 2 shows a comparison of
pipe accuracy parameters when rolling pipes on a re-
duction mill along the route DyxS,— D.xS,=
117.0x3.50 —48.3x3.25 mm (German standard DIN
2440) using shop rolling tables and rolling tables cal-
culated according to the proposed method [2].

Considering that on TPA 140 of JSC “Interpipe Niko

Tube ” only relatively thin-walled pipes (? <0.1) are
t

produced, it was decided to use one “base” calibration
on the reduction mill, unlike TPA 30-102, where two
“base” calibrations were introduced (see Fig. 1). For

the proposed base calibration, the mode of distribution
of expansion indicators was chosen §b; on the stands
of the mill, in which the value 6b; in the stands of the
middle group lies within the range of §b;=6.8...15.4%
(as opposed to §b; =10.8...19.7% for shop calibration
of rolls [6, 7]. At the same time, based on the fact that
preliminary ovalization of billets has a positive effect on
reducing the transverse wall difference of pipes, such
an arrangement of stands was proposed that provides
additional ovalization (without deformation in diameter)
in the stands of the main group of the reduction mill [4].

Table 2 - Comparison of accuracy parameters of pipes 48.3 x 3.25 mm according to DIN 2440 [9]

Pipe wall thickness Outer diameter of the pipe
Permissible range of Permissible range
" N © values ° values
5 & 2 g E &
b (] (3] = © o
3 _E 5 _ g o8 > 2 o8
o008 05 € I © £o T < =T
S EG =20 2 c — T c c — B¢
8= 4 g s = = o [ 58 = < Q 58
%5 | o3 g §2 | 82 g o g § 53 8o g
§3= a2 o} z g < 8 2 & z <> <8 g
=08 % % mm mm mm mm mm mm mm mm
Workshop | 7.9+19.8 | 0.06+0.52 3.37 1.05 48.21 0.42
Proposed | 5.0-14.3 | 0.04:029 | >%° [329 1.19 0.75 48.3 48.26 0.9 0.25

Notes: the table is based on the results of measurements of 30 pipes (for each position); *without the end sections of the

pipe
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As mentioned above, the industrial testing of the
proposed modes of distribution of partial deformations
and the new method of calculating the parameters of
roll calibration for a 5-stand calibration mill with two-roll
stands and individually cut calibers was carried out un-
der the conditions of TPA 350.

According to the shop rolling table, it was assumed
to use oval roll calibration in the first four stands, and
round calibration with rounded outlets in the last stand
(outlet angle ap = %rad.). The distribution of partial de-

formations g;across the mill stands is set in accordance
with the “falling” mode (g; > ¢, > &3 > €, > &), and in
the last stand of the mill, the partial deformation along
the diameter is 0.10...1.37% [8]. For the calculation of
new rolling tables and roll 5 =calibration parameters,
it was proposed:

change the mode of distribution of partial defor-
mations and choose ¢; from the condition of minimizing
the calculated values of the given relative transverse
heterogeneity B,;

to reduce the ovality of finished pipes, use round roll
calibration (15 =0) in the last stand of the mill.

Discussion of the results. From the given data it fol-
lows that in terms of relative transverse wall uneven-
ness and ovality, pipes that were rolled using the pro-
posed roll calibration are more accurate than pipes
rolled using shop calibration. In the given example (Ta-
ble 2), the actual range of wall thickness values (abso-
lute transverse wall unevenness (4S; = Stmin ) for

a

pipes rolled using the proposed calibration is approxi-
mately 25% less than for pipes rolled using the shop
calibration of rolls (0.75 mm versus 1.05 mm, respec-
tively); the value of Mg, the mathematical expectation
(average value) of the value of the relative transverse
wall difference B, pipes rolled using the proposed cali-
bration are 1.46 times less than those rolled using the

shop calibration of rolls (Méﬁ =9.6% mm versus
M,/gt =14.1%, respectively).

Summarizing the results of comparing the accuracy
indicators of pipes of different sizes rolled on reduction
and calibration mills using the proposed and shop cal-
ibrations of rolls, we can conclude that when using the
proposed calibrations, a decrease in the relative trans-
verse wall difference of pipes is observed B; (the rec-
orded values of the relative decrease Mg, in the value
range from 1.12 to 2.45).

It is especially worth noting the high efficiency of us-
ing the proposed method for calculating rolling tables (
roll calibration parameters ) of thick-walled pipes. For
example, in the case of manufacturing pipes with di-
mensions of 57x11+12 mm from billets of 117x9+12
mm using the proposed rolling table, their absolute
transverse wall difference is approximately 2.0+2.5
times lower (0.8-1.0 mm versus 1.8-2.4 mm) than that
of pipes rolled according to the shop rolling table (Fig.
2) [6].

Fig. 2. Cross-sections of pipes D,x S;= 57x11 mm, rolled using the shop rolling table (a) and using the pro-

posed rolling table (b)

The results of industrial tests became the basis for
the introduction into production of new roll calibrations,
the parameters of which were calculated using the pro-
posed method.

Industrial testing of the proposed roll calibrations of
the 24-cage and 22-cage reduction mills TPA 140 and
TPA 30-102 of JSC "Interpipe Niko Tube " showed that
the accuracy of pipes manufactured using them, in
terms of relative transverse thickness variation and
ovality, exceeds the accuracy of pipes manufactured
using shop roll calibrations. For example, the values of
relative reduction recorded during comparative experi-
ments Mg range from MBt =1.10 to 1.45). This fact
served as the basis for the industrial implementation of
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calibrations calculated using the proposed method in
the conditions of the reduction mill TPA 140.

During rolling on a 5-stand calibration mill TPA 350
of JSC “Interpipe Niko Tube” of a pilot-industrial batch
of casing pipes according to the API Spec. 5CT stand-
ard with a nominal size of 244.48x11.99 mm (blank
255x12 mm, material - steel 32G2, batch volume
1415.4 1), a decrease in the actual metal consumption
coefficient by 3.4% was recorded in relation to the
value that occurs in the production of pipes of the same
assortment using the shop rolling table [10, 11].

The positive test results became the basis for the
industrial implementation of the proposed rolling tables



and roll calibrations for the entire range of pipes pro-
duced on the TPA 350.

Conclusions

A new method for calculating hot-rolled pipe rolling
tables on continuous longitudinal rolling mills of various
designs has been developed, which takes into account
the peculiarities of the technology of cutting calibers on
rolls, where the initially specified process parameter is
the law of expansion distribution &b; on the mill stands.

The proposed method for calculating rolling tables
was tested in industrial conditions and implemented on
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the entire range of rolled pipes in the conditions of the
TPA 30-102 reduction mill, the TPA 140 reduction mill
and the TPA 350 calibration mill of JSC "Interpipe Niko
Tube".

When using rolling tables calculated using the pro-
posed method, the relative transverse wall difference
of pipes decreases (depending on the standard sizes
of rolled pipes) by 1.12...2.45 times for TPA 30-102
and by 1.10...1.45 times for TPA 140; the relative de-
crease in the metal consumption coefficient for TVA
350 is 3.4%.
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Konuenuist yHiBepcaJbHOr0 KOCOBAJIKOBOI0 CTaHA

Balakin V.F., Ugryumov D.Yu., Dobryak V.D., Ugryumov Yu.D.,
Nykolaienko Yu.M.

The concept of a universal cross-rolling mill

AHomauisi. 3anpornoHog8aHoO KOHUEeNUito yHigepcanbHo20 Kocosankogoeo cmaxa (YKB) niniepumosoeo azpesamy 0ns
8UPIWEHHSI 1020 MEXHOMOIYHUX MOXIUeocmel WIsXOM OmpUMaHHs 2ifb3 ma moecmocmiHHux mpy6 rpu npokamuyi
Ha KopomKux ma 0ogaux orpaskax. 3anporoHo8aHo HO8Y KOHCMPYKUito 06KamHO20 rMpucmporo nepedHix KiHuie einb3 y
npoueci npowusku Ha YKB, wo po3miuyemscs Ha OKpeMmili cmaHuHi, Wo 3'€0HyEMbCS 3 KIiMmio ma HarnpsiMHOK rpo-
8o0Kor. 3arnporioHosaHa KoHuenuisi YKBb moxe 6ymu eukopucmaHa Orisi MoOepHisauii cmaHa efioH2amopy nifigpumo-
8020 agpezamy 5-12 AT "IHmepnaiin HT3".

Knroyoei cnoea: yHisepcanbHull KOCo8ankosull cmaH, nifiegpumosuli agpezam, 2inb3a, mpyba, obkamHul npucmpid,
YMOPHO-peaynoeanbHUll MexaHiam, npueodHi wnuHdesi, Kopomka ma dogea ornpasKu, UeHmMpy8sarbHUKU CMPUXHS ma
2inb3u.

Abstract. The concept of a universal oblique rolling mill (UBM) of a pilgrim unit is proposed to solve its technological
capabilities by obtaining shells and thick-walled pipes when rolling on short and long mandrels. A new design of a running-
in device for the front ends of shells during the piercing process on the UBM is proposed, which is placed on a separate
frame connected to the cage and guide block. The proposed UBM concept can be used to modernize the elongator mill
of the pilgrim unit 5-12 of PJSC "Interpipe NTZ".

Keywords: universal oblique rolling mill, pilgrim unit, sleeve, pipe, running-in device, stop-adjustment mechanism, drive
spindles, short and long mandrels, guide block, core and shell centering devices.

In memory of V.M. Druyan and V.V. Perchanik (Druyan Volodymyr Mykhailovych (06/19/1932 — 04/22/2004) - famous
scientist, Doctor of Technical Sciences, Professor, Head of the Department of Technological Design of the National Met-
allurgical Academy of Ukraine; Perchanik Viktor Volfovich (10/30/1934 — 08/04/2018) — a well-known scientist and spe-

cialist in pipe production, Ph.D. , senior researcher at the National Metallurgical Academy of Ukraine)

Introduction. The 5-12" pipe rolling unit (TPA) with
pilgrim mills of PISC "Interpipe NTZ" was put into op-
eration in December 1968. Pipe rolling shop No. 4 with
this unit was built according to the design of UkrDI-
PROMEZ in accordance with the technological task of
VNITI.

On the 5-12" TPA with pilgrim mills, a design
scheme for obtaining a sleeve is used by threading the
initial billet into a cup on a hydraulic horizontal press
with subsequent heating of the cup and rolling it into a
sleeve with threading the bottom on a two-roll screw
rolling mill - elongator [1].

With the launch of the Interpipe Steel electric
steelmaking complex in 2012 and the transition of TPA
5-12” to continuously cast billets (BLZ) of round cross-
section with a maximum diameter of up to 500 mm, the
issue of significantly improving technical and economic
indicators as a result of improving the quality of the in-
itial billets was resolved. World experience shows that
when using BLZ of round cross-section as the initial
billet, the trend in technology development is to switch
to direct flashing of BLZ on a slanting rolling mill. At the
same time, the hydraulic press and ring heating fur-
nace are being decommissioned. At the same time, a
known technological scheme is used when part of the
liner assortment is produced by direct flashing from

BLZ, and a heavier liner assortment is produced ac-
cording to the old scheme: preliminary flashing of BLZ
into a cup with its subsequent heating and rolling into
a liner on a slanting rolling mill with flashing of the bot-
tom. In addition, when using the old Ingots cast in a
mold with a wavy surface can be used for the produc-
tion of sleeves.

Thus, the technological scheme with a two-stage
production of a sleeve with intermediate heating is
more universal in terms of the type of starting material
used.

In the case of TPA 5-12” of PJSC "Interpipe NTZ",
in order to use resource- and energy-saving technol-
ogy when rolling the entire range of pipes by diameter
(168-426 mm), it is necessary to replace the existing
elongator mill with a more powerful mill, which will op-
erate in the mode of direct threading of sleeves from a
round NLS, as well as in the elongation mode when
rolling out cups obtained on the press after their heat-
ing.
Elongator stand. The type of stand is two-roll with a
removable cover and a cassette system for changing
the feed and rolling angles. The rolls are located in a
horizontal plane, and two guide rails in a vertical plane.
The angle of inclination of the roll axes in a horizontal
plane (rolling angle) is £1.5°. The angle of inclination of
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the roll axes in a vertical plane (feed angle) is currently
not adjustable and is 4°.

The existing state-of- the- art elongator is physically
and morally obsolete and requires replacement, which
is especially relevant in connection with the feasibility
of switching to the energy-saving technology of direct
threading of sleeves from a round NLS.

A feature of the hot pilgrim pipe rolling process is
the presence of a seed rolling mode for the front end
of the sleeve, which increases the machine rolling time
and reduces productivity, and also reduces the yield of
usable material due to the separation of the front end
of the pipe of increased length into waste [1].

It has been established that the maximum improve-
ment of the seeding mode of pilgrim rolling, especially
of thin-walled pipes, is possible due to the preliminary
preparation of the front ends of the sleeves. It is espe-
cially effective to carry out such preparation of sleeves
in the process of their piercing on a cross-roll mill [2].
In pipe production, two- and three-roll piercing mills are
used. At the same time, two-roll mills are the most
common.

Problem statement. The current state of pipe pro-
duction on pilgrim units requires finding ways to in-
crease their loading, which is possible by expanding
the technological capabilities of obtaining a wide range
of pipes in the "piercing press - elongator - pilgrim mill"
system when using different types of initial billets: sta-
tionary casting ingots, round-section BLZ, octagonal-
section BLZ, rolled, forged and electroslag remelting.

Basic material. Let us consider the feasibility of us-
ing three-roll piercing screw rolling mills.

In works [3-6], the following advantages of three-roll
piercing mills compared to two-roll equipped with rulers
are noted: a more favorable scheme of the metal stress
state in the deformation zone, which ensures high
quality of the inner surface of the sleeves; the absence
of a tool (rulers), which wears out quickly, which must
be changed when changing the size and whose pres-
ence worsens the conditions for secondary gripping of
the workpiece; better conditions for gripping the work-
piece, a higher coefficient of axial slip and, as a result,
a shorter machine piercing time; lower energy con-
sumption; the possibility of rolling at large feed angles,
which on two-roll mills is limited by the stability of the
rulers.

The use of long-roll piercing mills can be consid-
ered appropriate when using cheap billets obtained by
continuous casting, which are characterized by low
core strength and are therefore less suitable for two-
roll piercing. According to most researchers, the ten-
dency to metal destruction when piercing by the long-
roll scheme is much lower than by the two-roll one [5].

One of the disadvantages of the three-roller flash-
ing scheme is the increased wall difference of the
sleeves (compared to the two-roller flashing scheme),
which places higher demands on the centering of the
mandrel along the flashing axis [7].

The presence of axial looseness in round NLS
should facilitate the direction of the mandrel along the
axis of the workpiece.
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Assel rolling mill and continuous mill is known.
However, the use of long-roll piercing mills on TPA with
pilgrim mills has not yet been implemented, with the
exception of a piercing mill with a shifted axis (two drive
rolls and one idle) on TPA 8-16" of the MDM company
(Germany). Such a piercing mill occupies an interme-
diate position between two- and long-rolling mills in
creating a stressed-deformed state in the middle of the
workpiece during piercing.

The use of the technology of through-threading of
the BLZ on a horizontal hydraulic press of a pilgrim unit
opens up opportunities for rolling hollow billets (without
a bottom) on a long mandrel in a cross-rolling mill. It is
known that in foreign pilgrim units, through-threading
of the BLZ into a hollow billet or cutting off the bottom
of the cup is carried out. Rolling hollow billets into a
sleeve on a long delivery allows you to increase the
accuracy of pipes by reducing the transverse wall dif-
ference [8]. For through-hole piercing of BLZ on a hor-
izontal hydraulic press TPA 5-12” NTZ, its moderniza-
tion is necessary. The use of the technology of obtain-
ing sleeves with preliminary piercing of ingots into a
cup with a bottom on the press was appropriate only
when using as the initial workpiece an open-hearth in-
got cast in a mold, which has a developed shrinkage
cavity in the head part. Piercing of such an ingot on the
press from the bottom part led to the sinking of metal
at its top, which reduced metal losses from the pilger
needles that go to the edge.

Through-hole insertion of the BLZ on the press of
the pilgrim unit also allows for quick control of the trans-
verse wall difference of the rear part of the hollow work-
piece for press adjustment.

Problem statement. It is necessary to propose a
concept of a universal cross-rolling mill for the modern-
ization of the 5-12” NTZ pilgrim mill by replacing the
existing cross-rolling mill- elongator.

The new cross-rolling mill should be universal for
performing the following operations:

- threading of a round cross-section BLZ into a
sleeve on a short conical mandrel; to improve the qual-
ity of the inner surface of the sleeve, the mill stand must
be long-rolled;

- elongation (rolling) of glasses obtained on a press
with intermediate heating in a ring furnace;

- preparation of the front ends of the sleeves in the
process of flashing (rolling) taking into account the ex-
isting experience of operating the running-in device on
the TPA 5-12” NTZ elongator mill [2];

- rolling of hollow blanks on a long mandrel after
through-hole piercing of the BLZ on a horizontal hy-
draulic press with intermediate heating of a ring fur-
nace.

It is known that obtaining liners with pre-threading
of ingots on a press expands technological capabilities
by using various types of starting blanks: stationary
casting ingots, round and octagonal BLZ, electroslag
remelting ingots, centrifugally cast billets, hollow BLZ,
etc. The use of a universal slanting rolling mill of a pil-
grim unit increases these capabilities, and also allows
switching to an energy-saving technology for obtaining
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liners in the absence of additional heating of the metal
before rolling on a slanting rolling mill.

The preparation of the front ends of the sleeves on
a cross-roller mill during the process of threading (elon-
gation) is proposed to be carried out using a new tech-
nology, which consists in reducing the front end of the
sleeve without compression along the wall, which elim-
inates the use of a cylindrical mandrel. The size of the
reduction along the outer diameter is up to 20 mm. At
the same time, the inner diameter of the sleeve at the
front end is reduced (the change in wall thickness is
not taken into account). This contributes to the center-
ing of the front end of the sleeve on the mandrel after
it is loaded. The new technology for preparing the front
ends of the sleeves together with the centering of the
rear end of the sleeve on the conical shank of the

mandrel ensures a reduction in the transverse wall dif-
ference of the pipes during pilgrim rolling and reduces
the metal consumption factor.

In the 1980s, for the modernization of the 5-12” TPA
with pilgrim mills of PJSC “Interpipe NTZ” with the re-
placement of the existing two-roll elongator with guide
rails, the concept of a three-roll stitching mill with a uni-
versal running-in device has been proposed [9-11].

The project was implemented by employees of the
Dnipropetrovsk Metallurgical Institute: V.M. Druyan,
V.V. Perchanik, O.M. Komarov, VNDTI: O.A.
Plyatskovsky, Y.G. Pavlovsky with the participation of
UkrDipromez, NTZ and Chepel Metallurgical Plant.

The general view of a three-roll stitching mill is
shown in Figure 1.
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Figure 1 — Scheme of a three-roll piercing mill [9]: 1 - piercing mill stand; 2 — drive electric motor; 3 — coupling;

4 — universal spindle; 5 —
rod centering devices ; 9 - thrust -adjusting mechanism

The technical characteristics of the long-roll stitch-
ing mill are given in [10].

The previously proposed concept of a long-roll
stitching mill [9-10] is taken in this work as a basis for
developing the basic provisions of the UKS design,
while taking into account new tasks, the concept of the
known mill is subject to certain changes and additions.

The purpose of this work is to expand the techno-
logical capabilities of the cross-roller mill as part of the
5-12” pilgrim unit and select a rational type of this mill
for various technological schemes for producing
sleeves.

Universal cross-rolling mill for modernization of
the pilgrim unit.

Working stand. Working stand 1 contains a frame,
working drive rolls with bearings, a pressure and bal-
ancing device for the rolls (see Fig. 1).

Each working roll of the mill receives rotation from
the electric motor 2 through the coupling 3 and univer-
sal spindles 4. The spindle of the upper roll is con-
nected to the coupling 3 through a horizontal interme-
diate shaft. To unload the spindle hinges in the

40

receiving chute; 6 — workpiece pusher ; 7 —

idle rolls for running in the sleeve end; 8 —

geometric center of each, a support with hydraulic bal-
ancing and spring shock absorbers of dynamic loads
is installed. To receive the workpieces and direct them
to the mill rolls, a receiving chute 5 is installed between
the spindles, the height of which is adjusted using
spacers. To set the workpiece into the rolls, a hydraulic
pusher 6 is installed.

Three working rolls are placed in the frame at an
angle of 120° to each other (with one roll positioned at
the top and the other two at the bottom), and three idle
rolls 7 are installed at the rear end of the frame for run-
ning in the front end of the sleeve, offset by 60° relative
to the working rolls.

The input side of the mill contains three electric
drive motors for individual drive of the work rolls,
clutches, universal and intermediate spindles, a receiv-
ing chute and a billet pusher .

Figure 2 shows a diagram of the input side of the
mill with three main spindles 1, 2 and 3 and one inter-
mediate spindle 4 and three drive electric motors 5, 6
and 7. The permissible skew angle of the spindles is
no more than 8°.
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Figure 2 — Scheme of the input side of the mill: a — main view; b — top view; 1-3 — main universal spindles;
4 — intermediate horizontal spindle; 5-7 — drive electric motors

Drive spindles of the working rolls of the mill [11].
The use of ball spindles on a long-roll mill will ensure
reliable centering, reduce spindle runout, reduce vibra-
tions of the working line and inertial forces. This project
is one of the design options for the drive of the working
rolls of a long-roll mill, which provides the transmission
of torque with minimal unevenness of angular velocity
during one revolution.

Guide wire. It is installed directly near the mill rolls.
One of the main provisions for reducing eccentricity
during obligue roll threading is to ensure that the axes
of the workpiece, threading, and sleeve coincide.

Therefore, a guide (input) wire is installed on the in-
put side of the mill, the axis of the working channel of
which must coincide with the axes of the firmware and
the sleeve at the exit from the rolls.

The guide wire operates in quite difficult conditions:
hot metal, dynamic impacts when the workpiece ro-
tates with the rolls. The length of the guide part of the
wire is important, which should be slightly less than the
minimum length in the workpiece assortment. For ex-
ample, with a minimum workpiece length of 1200 mm,
the wire length can be 800-900 mm. Usually the gap
between the workpiece and the working channel of the
wire is 20 mm. However, it is necessary to strive to re-
duce this gap to 10-12 mm, while the wire should not
interfere with the free movement of the workpiece in
the mill rolls. It is also necessary to take into account

the curvature of the workpiece and fluctuations in its
diameter.

As noted by the company "SMS MEER" (Ger-
many), pipe eccentricity is the main problem in the pro-
duction of seamless pipes. This problem is mainly as-
sociated with failures in the operation of the cross-roller
piercing mill. In conditions of high competition among
pipe manufacturers, the requirement for product qual-
ity can only be met by limiting the eccentricity. The size
of the eccentricity of seamless pipes (from 8% and
above) is almost twice as large as the deviation in the
wall thickness of pipes manufactured on highly auto-
mated multi-cell and reduction -stretching mills. Reduc-
ing the eccentricity by 1% provides cost savings of 1%
of the annual production volume (in tons).

On a number of slant-roll piercing mills of the com-
pany "SMS MEER" a certain reduction of eccentricity
has been achieved due to the new design of the inlet
section. Figure 3 shows the guide wiring at the inlet of
the rolling mill, which illustrates the possibility of pre-
cise direction of the rolled material to the work rolls.
This block is successfully used on several rolling mills.
The main element of this block is a guide sleeve of a
rather significant length (as follows from Fig. 3), which
changes when the diameter of the initial workpiece
changes. The sleeve is fixed in the block by means of
bolted connections.
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Figure 3 — Directional wiring of the company "SMS MEER"
We have proposed a new design of the guide wire of the cross- rolling mill, which is shown in Figure 4.
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Figure 4 — Guide wire of a cross- rolling mill: a — general view; b — top view; ¢ — section A-A in Fig. 1b; 1 —

figured slider; 2 — hydraulic drive; 3 — frame base

On the frame base are two figured sliders that move
perpendicularly to the mill axis using hydraulic cylin-
ders. In cross-section, the sliders in the working posi-
tion form an internal channel (of a square profile) for
the passage of the initial workpiece of a round cross-

section. The channel formed by the sliders 1 serves to
1

direct the workpiece into the mill rolls along the inser-
tion axis. This shape of the figured sliders 1 ensures
centering of several standard sizes of workpieces in di-
ameter due to the expansion-contraction of the sliders
1, which must move synchronously to stabilize the
workpiece axis relative to the insertion axis (Fig. 5).

Figure 5 — Scheme of centering a workpiece of circular cross-section with diameters D1 and D2 using figured
sliders: 1 — figured sliders; 2 — workpiece with diameter D1; 3 — workpiece with diameter D2

To reduce the eccentricity of the front ends of the
sleeves, it is necessary to accurately center the front
end of the workpiece with the formation of a hole of the
required diameter and depth of the corresponding
mandrel toe.

The output side of the mill. Contains a device for
running in the front ends of the sleeves during the in-
sertion process, a centering and transporting device; a
thrust -adjusting mechanism (RUM), etc.

Device for running-in of the front ends of sleeves.
In work [10] it was proposed to place a universal device
for running-in (sharpening) of the front ends of sleeves
on the input side of the long-roller piercing mill, which,
in our opinion, is complex and, as a result, insufficiently
reliable (see Fig. 1).

We propose a new design of a device for running-
in (sharpening) the front ends of sleeves during the
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flashing process, working in tandem with the UKS
cage, devoid of the above-mentioned disadvantages.

The kinematic diagram of the new device at the mo-
ment of the end of the sleeve sharpening is shown in
Fig. 6a.

The device is a combination of two pairs of simple
mechanisms: a cam-lever and a wedge-lever. The cam
-lever mechanism consists of a cam 1, which contacts
two symmetrically arranged rollers 2, hingedly
mounted on the lower ends of two double-arm levers
3. Deforming non-driven rollers 4 of conical shape are
hingedly mounted on the upper ends of the levers 3.
The third deforming roller 4 is hingedly mounted on the
upper platform of the cam 1. The acam inclination an-
gles are chosen such that when the cam is moved from
the upper position to the lower position, the deforming
rollers 4, mounted on the upper ends of the levers 3,



move synchronously from the small contact circle to
the larger contact circle. The small contact circle corre-
sponds to a small diameter sleeve, and the large con-
tact circle corresponds to a large diameter sleeve.
Since the segments connecting the center of the
sleeve with the centers of rotation of the rollers 4 al-
ways converge at one fixed point, namely at the center
of the sleeve, such a device performs an additional
self-centering function. The force locking of the cam 1
and the rollers 2 is carried out by means of compres-
sion springs 5, which constantly press the rollers 2 to
the cam 1.

The vertical movement of the cam 1 in the guides 6
is carried out using wedges 7, which must be, on the
one hand, large enough so that the stroke of the
wedges for raising and lowering the cam is small, and
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on the other hand, not too small so that there is no jam-
ming. We recommend an angle of p=15°. The wedges
must converge or diverge synchronously. This is
achieved by the fact that each hydraulic cylinder 8, in
addition to the working rod, has a false rod, and the
connection of the pipelines must be made as shown in
Figure 6a. Since the deforming rollers 4 after sharpen-
ing the sleeve must quickly move away from it, the time
of rapid action of the hydraulic cylinders 8 must be min-
imal, which is achieved by minimizing the working vol-
ume of the rod cavities of the hydraulic cylinders. For
this, the diameter of the hydraulic cylinders must be
minimal, and the diameter of the rods maximum, of
course, while ensuring a given force on the working
rod.

Figure 6 - Stand of a long-roll mill and a device for sharpening a sleeve: a - kinematic diagram of a device for
sharpening a sleeve; b - main side view; ¢ - view from the arrow in Fig. 6b; 1 - cam; 2 - roller; 3 - lever; 4 -
deforming roller; 5 - compression spring; 6 - guide; 7 - wedge; 8 - hydraulic cylinder; 9 - piercing mill; 10 - device
for sharpening a sleeve; 11 - sleeve; 12 - tie; 13 - tie nut; 14 - support plate; 15 — housing

Figure 6b shows a sketch of the UKS 9 in tandem
with the device 10 for sharpening the sleeve 11. The
moment of the end of sharpening and the beginning of
the departure of the deforming rollers 4 from the sleeve
is shown. The distance between the axes of the mill 9
and the device 10 should be selected from the condi-
tion of preventing the loss of longitudinal stability of the
sleeve from the resistance force of the device and

taking into account the necessary space for servicing
both the UKS and the running-in device. The force clo-
sure between the mill 9 and the device 10 is carried out
using a tie 12 with a tie nut 13. Fig. 6b shows the de-
forming rollers 4, the cam 1, and the cam guides 6. To
relieve the levers 3 from bending, support plates 14 are
fixed to them, which transfer the load to the housing
15. The plates are made of textolite. The lower
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deforming roller 4 of the device 10 transmits the force
from the sleeve 11 to the rear guide 6 of the cam and
then to the housing.

Figure 6¢ shows a view from arrow A in Figure 6b
(conditionally without the rear wall of the housing), from
which it can be seen that the housing consists of at
least two parts, resting at the bottom on the base 16,
fixed to the foundation, and connected at the top with
bolts. On the base 16, guide grooves for wedges 7 and
seats for the hydraulic cylinder 8 are made.

It is advisable to equip the output side of a long-
roller UKS for sleeve insertion as follows:

- after the mill stand, a running-in device is installed,
and between them the first centering device for the
mandrel rod and the sleeve;

- immediately after the stop -adjustment mecha-
nism, a second rod centering device is installed, which
performs the rod centering operation before insertion
[10];

- it is possible to install a third centering device be-
tween the running-in device and the second centering
device;

- after the running-in device, a ramming device is
installed, which ensures that the sleeve exits the zone
of action of the running-in device when the lock is
closed,;

- the required number of oscillating rollers with indi-
vidual drives are installed between the centering de-
vices, which perform the operations of holding the
sleeve with the rod along the axis of the insertion and
transporting it after the running-in device fixes the po-
sition of the rod and the lock opens;

- for rolling blanks on a long mandrel, appropriate
equipment is installed, including for holding the long
mandrel during the rolling process.

Thrust -adjusting mechanism (TAM). In the pro-
posed concept of the mill, the TAM corresponds to
modern trends in influencing the geometric parameters
of rolled sleeves by moving the mandrel during the
flashing process [12], which allows obtaining a sleeve
at the rear end with an increased inner diameter. This
solves the problem of loading the mandrel into the
sleeve with minimal gaps between them, as well as re-
moving the sleeve from the rod after flashing with roll-
ing its front end.

Technological schemes of rolling on short and long
mandrels. In work [13], a universal cross-rolling mill
(UKM) for rolling on short and long mandrels is pro-
posed.

This mill provides rolling according to the following
technological schemes: rolling of sleeves on a long
floating mandrel; rolling of sleeves with support; rolling
of sleeves with tension; rolling of sleeves on a held,
partially held and mandrel that is pulled out during the
rolling process; piercing of blanks on a short mandrel
and rolling of sleeves on a short mandrel.

The individual technical solutions presented in [13]
can be used to design a new UCS as part of a pilgrim
unit.

For rolling on a UKS using short and long mandrels,
it is necessary to provide for operations for cooling and
lubricating these mandrels. The installation [14] can be
taken as the basic option for solving this problem.

The operations of cooling and lubricating the man-
drels are conveniently carried out on a special installa-
tion with lateral delivery of sleeves from the UKS.

As aresult of the flashing with the preparation of the
front end of the sleeve before pilgrim rolling, it will have
the appearance shown in Figure 7.

BE..

6 5

Figure 7 — Position of the sleeve with the prepared front end on the mandrel before pilgrim rolling: 1 — main
part of the sleeve; 2 — prepared front end; 3 — rear end of the sleeve; 4 — main part of the mandrel; 5 — conical
shank of the mandrel; 6 — mandrel ring ( A- gap between the sleeve and the mandrel)

The use of a mandrel with a tapered shank and a
sleeve with a prepared front end ensures centering of
the sleeve on the mandrel before pilgrim rolling, which
reduces the difference in pipes and increases the yield.

Conclusions

The concept of a long-roll UKS for the reconstruc-
tion of TPA 5-12” with pilgrim mills of PJSC “Interpipe
NTZ” is proposed, which allows for threading of round-
section NLS into a sleeve, rolling of cups with threading
of the bottom, and rolling of hollow blanks on a long
mandrel.

The main features of the proposed mill are individ-
ual drive of the work rolls; the presence on the output
side of the mill's working stand of a new device for
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running in the front ends of the sleeves; the use of a
URM to move the rod with the mandrel during the
piercing process; the use of centering devices for the
mandrel rod and sleeve, the use of short and long man-
drels, and a new design of the guide wire.

The proposed design of the running-in device,
placed on a separate frame, will ensure increased reli-
ability of its operation and improved maintenance con-
ditions for the UCS and the running-in device.

It is advisable to further consider the possibility of
using a transformed UKS oblique roll stand for working
with two and three rolls to produce thinner-walled

pipes.
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unevenness of the pipes and an increase in the rolling mill to replace the existing elongator mill. pilgrim
yield during the pilgrim rolling process. unit 5-12” NTZ.

The proposed concept of the UKS can be used to
develop atechnical task for the design of a new cross-
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Y10CKOHAJIEHHA rapsi4yo0l NLUIIrPUMOBOI IPOKATKHU TPYO
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Improvement of hot pilgrim pipe rolling

AHHOMaujis. Po3ansiHymo oCHO8Hi MemoOu rosinuWeHHs1 3ampagoyHO20 PEXUMY 3 ypaxysaHHsIM 8idHoweHHs1 D/S mpy6b,
wo npokamyromsecs. 3anporoHosaHo 30iliCHI8amu nPoKamky mpyb y 3ampagoyHOMY PeXuMi 3i 3MIHHOK 8eTUYUHOI
rodayi no 3adaHili npoepami, a makox HO8I PilueHHS 3 NPOKamKu 2ifib3 8CMUK. Po3ansHymo dea HO8UX HanpsIMKU nid2o-
moeKu nepedHix KiHuig 2ifb3 Ha 4omupboxbolkosomy eidpasniyHomy rpeci ma Ha obkamHili MawuHi nnaHemapHo20
muny. 3anpornoHosaHi Ho8i Memodu i62omosKu 3adHiX KiHYi8 2irlb3 3a paxyHOK MOMOHWEHHS CMIHKU Ha 3a0HbOMY KiHUi
einb3u 8 npoueci NpowuUBaHHs1 3a20MOBKU Ha KOCOB8AIIKOBOMY CMaHi 3a paxyHOK MepeMiujeHHs Orpasku, a makox —
06mucHeHHs1 3a0Hb020 KiHUS 2innb3u Ha OOpHi Ha 08060UKO8OMY e2idpassiiyHOMy npeci. 3anpornoHo8aHo KoMbiHo8aHe
8UKOPUCMAHHS PO32/IIHYmMux mMemodie MoslinWeHHs 3ampagoyHO20 PeXUMY, WO nidsuwums npodyKmueHIiCmb | 3MeH-
wume sumpamu memariy 8 obpi3.

Knroyoei cnoea: niinigpumosa npokamka, ninizgpumosuti cmaH, mpyba, 2inb3a, Hecmanul 3ampagoyHull pexum, noda-
sasnbHUUl anapam, O0pH, nodaya, koegiujeHm 8UMSIKKU, 8arKu, sumpamHuli KoegiuieHm memarty, nié2zomoeska rnepeoHix
i 3a0Hix KiHUjg 2irb3, MPoOyKMUBHICMb.

Abstract. The main methods of improving the feeding mode taking into account the D/S ratio of rolled pipes are consid-
ered. It is proposed to carry out rolling of pipes in the with variable feed rate according to a given program, as well as new
solutions for butt shell rolling. Two new directions for the preparation of the front ends of the sleeve liners on a four-row
hydraulic press and on a planetary type reeling machine are considered. New methods of preparing the rear ends of the
sleeves by thinning the wall at the rear end of the sleeve in the process of piercing the workpiece on the rotary piercer mill
by moving the mandrel, as well as by crimping the rear end of the sleeve on the mandrel on a two-punch hydraulic press.
The combined use of the considered methods of improving the inoculation mode is proposed, which will increase produc-
tivity and reduce metal consumption in the cut.

Keywords: pilgrim rolling, pilgrim mill, pipe, sleeve, unsteady inoculation mode, feeder, mandrel, feed, draw ratio, rolls,
metal consumption ratio, preparation of the front and rear ends of sleeves, productivity.

To the 90th anniversary of the birth of V.V. Perchanik (Perchanik Viktor Volfovich (10/30/1934 — 08/04/2018) — a well-
known scientist and specialist in pipe production, Ph.D., senior researcher at the National Metallurgical Academy of

Ukraine)

Introduction. The hot pilgrim pipe rolling process
is used worldwide for the production of oil and gas, oil
pipeline, boiler, and special purpose pipes of a wide
range of sizes and grades. Currently, about 40 pilgrim
units are in operation worldwide. In Ukraine, a 5-12"
TPA is currently operating at the Nizhnyodneprovsk
Pipe Rolling Plant (NTZ). The hot pilgrim pipe rolling
process has the following advantages: the possibility
of producing pipes of considerable length, as well as
thick-walled ones, which cannot be obtained by other
methods, except for pressing; the possibility of signifi-
cantly improving the structure of the initial cast material
due to significant total deformations on the pilgrim mill;
a short duration of transition to another pipe size; the
possibility of using a continuously cast round billet as
an inexpensive initial material with a diameter of up to
500 mm; the feasibility of producing small-tonnage
batches of pipes. From the analysis of the main perfor-
mance indicators of various TPAs, it follows that the
production of pipes on pilgrim units has higher metal
consumption factors (MCF) by 100-150 kg per ton
compared to other units, which is due to inevitable

technological losses of metal on the seed and the pil-
ger head. The value of MCF during the rolling of thick-
walled and especially thick-walled pipes can be com-
pared with VKM on other units due to the use of metal-
saving technology of rolling sleeves end -to-end onto
mandrels with rolls, which minimizes the final cut of
pipes.

Features of the hot pilgrim pipe rolling process: The
hot pilgrim pipe rolling process is characterized by the
presence of steady-state and non-steady-state pro-
cesses, which include the seeding mode and the fin-
ishing mode. pilgrim head. Unsteady processes are
characterized by the instability of such pilgrim rolling
parameters as feed, rollback, canting angle, compres-
sion by diameter and wall thickness, and draw ratio [1-
4]. Unsteady seeding mode is the most difficult rolling
mode due to the instability of the conditions of metal
capture by the rolls, increased transverse flow of metal
in the roll caliber outlet. In this case, there is an in-
crease in the cut of the front defective ends of the
pipes, as well as a decrease in the mill productivity due
to the duration of the seeding mode, which is 5-15% of
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the machine rolling time. Difficult conditions of the
seeding mode are due to significant draws (up to 15)
and deformations of pipes with a front support from the
side of the feeder. Metal losses in the seeding front end
of the pipe reach a length of 500-700 mm or more and
increase with increasing draw. The greatest metal
losses occur during the rolling of thin-walled pipes with
a ratio of D/5=12.5-40.0 and especially thin-walled
pipes with D/S> 40 - the main assortment of TPA 5-
12" NTZ. A feature of the process of hot pilgrim rolling
of pipes is the presence of a pilgrim head at the rear
end of the roll, which is due to the stop of the rear end
of the sleeve in the mandrel ring, as a result of which
rolling occurs with a constant front support on the
sleeve from the side of the feeding apparatus. The
formed undercut of the rear end of the sleeve is called
the pilgrim head and goes into the cut, increasing the
metal consumption coefficient.

Features of the seeding mode of pilgrim rolling [1-4
]: during seeding The pilger mill does not produce a
finished pipe, but forms a pilger head on the sleeve;
metal waste during cutting the seed end of the pipe
reaches 30% of the total technological cutting on the
pilger mill; the conditions for gripping the sleeve by the
rolls are complicated, since the metal meets the roll be-
fore the line of the roll centers; the impact of the roll
crest on the metal causes increased dynamic loads in
the working line of the mill; there is no synchronization
(especially in the initial period of seeding ) of the oper-
ation of the feeding apparatus with the rotation of the
working rolls due to the variable length of the rollback
and the undercutting of the sleeve; the high-speed roll-
ing mode is limited by the conditions of the sleeve's ad-
hesion to the mandrel and inertial forces at the moment
of braking of the feeding apparatus; the feed amount is
limited by the uneven deformation along the perimeter
of the sleeve in the absence of a rigid front end of the
pipe; increased wall unevenness in the seed area and
further in some part of the finished pipe for the same
reasons.

After the start of deformation of the sleeve on the
mandrel by the rolls in the seeding mode, the feed rate
is important, which is determined by the movement of
the sleeve in the rolls in each cycle. In practice, they
strive to carry out the seeding mode of pilgrim rolling
with small feeds, since it is not controlled and a situa-
tion of mill overload due to a large feed is possible. In
practice, the feed rate during the seeding mode does
not exceed the feed rate in the steady mode. This pro-
longs the seeding process and increases the machine
time of rolling with a corresponding decrease in the
productivity of the mill. The process of the seeding
mode of pilgrim rolling is influenced by the capabilities
of the applied feeders. The unmodernized feeders op-
erated in Ukraine significantly complicate the seeding
process, especially during the rolling of thin-walled
pipes. Thus, improving the seeding conditions, their
maximum possible approximation to the steady pro-
cess is an important reserve in increasing productivity
and improving the technological performance of pilgrim
units.

48

Problem statement. The unstable seeding mode
of pilgrim rolling reduces productivity and increases
metal consumption in the final cut. Given the complex-
ity of the problem, it has received only a partial solution
mainly for rolling thick-walled D /S= 6.0-12.5 and espe-
cially thick -walled D/S<6 pipes. The current work is
devoted to the development of new technological solu-
tions for improving the seeding mode when obtaining
both thick-walled and thin-walled D/S= 12.5-40.0 and
especially thin-walled D /5>40 pipes.

The main part

A.O. Chernyavsky proposed dividing the seeding
process into two separate stages [1]. The first stage of
seeding is characterized by the meeting of the sleeve
with the rolls in front of the line of their centers (Fig. 1a).
Due to the fact that the rolls are ahead of the sleeve,
friction forces arise in the contact area formed as a re-
sult of the initial interaction of the sleeve with the rolls,
directed in the direction of rotation of the rolls. The first
period of seeding lasts until the preliminary seeding
end is formed, which makes it possible to feed the
sleeve beyond the line of the centers of the rolls with-
out the risk of excessive overloading of the mill due to
a sudden increase in the feed. During this period, not
rolling takes place, but forging of the sleeve, which is
periodically fed into the rolls.

At the second stage of seeding, the sleeve with the
previous seed end is set behind the line of the centers
of the rolls and a portion of the metal is squeezed out
by the rolls with its subsequent rolling (Fig. 1b). If at the
first stage the support contributed to the implementa-
tion of the seed, then at the second stage its value de-
creases, and in practice during the second stage the
force Qn reduced by bleeding air from the acceleration
chamber of the feeder. This helps reduce transverse
deformation of the metal in the caliber, which reduces
the duration of forming the seed end and improves its
quality.

The size of the cut of the seed end of the pipe is
influenced by many factors, the main of which are: the
size of the pipes being rolled (diameter and wall thick-
ness); the quality of the starting metal of the billet; the
steel grade and the temperature regime of rolling; the
design of the feeding apparatus; the feeding regime
during seeding; the extraction coefficient during seed-
ing; the gap between the mandrel and the sleeve, etc.
[5, 6]. The cut of the seed end conventionally consists
of two parts. The first part is due to significant uneven-
ness of the deformation along the rolling perimeter,
and the second - to increased pipe wall heterogeneity.
Significant unevenness of the deformation along the
rolling perimeter occurs due to the absence of a rigid
front end of the pipe during seeding, which leads to the
pulling of individual portions of metal along the side
walls of the caliber independently of each other and,
accordingly, to the violation of the continuity of the
metal. The reason for the increased pipe wall differ-
ence is the presence of a gap between the sleeve and
the mandrel, which, due to the uneven deformation of
the sleeve along the perimeter, leads to asymmetric
clamping of the sleeve on the mandrel by the rolls. In



the general technological cut on the pilger mill seeding
is 23-30%, and in some cases more. The duration of
seeding is subject to the influence of many factors that
act with different intensity in different conditions. More-
over, these factors are partly subjective and random in
nature. Rolling of thick-walled pipes (D/S<10) requires
no more than two roll strokes for seeding. The per-
formed analysis of the features of the seeding mode
allows us to consider the main methods of its improve-
ment from new positions, taking into account both pre-
viously performed works [1-4] and recent publications
[5, 6].

The main methods for improving the seeding mode:
reducing the draw ratio on the pilger mill; increasing the
adhesion of the sleeve to the mandrel before rolling;
using special rings; rolling the sleeves end-to- end;
forcing the sleeve to be tilted by 90° during seeding;
choosing a rational feed mode during seeding; choos-
ing a high-speed rolling mode; preliminary preparation
of the front (rear) ends of the sleeves.

1. Reducing the draw ratio on the pilger mill. This
method is widely used in practice when rolling thin-
walled and especially thin-walled pipes (with a pipe
wall thickness on the pilger mill $=5-7 mm). When the
rolls make 8-10 revolutions from the beginning of the
seed, the upper roll is smoothly lowered. Under the ex-
isting conditions, only this method makes it possible to
roll pipes with S=5-7 mm. The existing thickening of the
pipe wall during the lifting of the upper roll is then re-
moved into the cut along with the defective end, which
increases the mass of the total cut. In order to increase
the vyield, in the work [7] it is proposed to deform the
front end of the sleeve during the separation of the rolls
of the pilger mill by 1.02-1.15 times greater than the
separation of the rolls set during the rolling of the mid-
dle part of the sleeve. After that, the separation of the
rolls is set in accordance with the rolling mode of the
middle part of the sleeve and deform it from beginning
to end. To reduce the technological cut on the pilger
mill, a combined technology for rolling thin-walled
pipes on a pilgrim installation is proposed, which in-
cludes a slanting roll rolling mill with a short mandrel.
The essence of the new technology is that on the pilger
mill the front and rear ends of the pipe, corresponding
to the seed and the pilger head, are rolled with an in-
creased wall thickness, subsequently the wall thick-
ness is equalized along the length of the pipe on the
rolling mill [1]. The wall thickening at the ends (com-
pared to its middle part) should not exceed the maxi-
mum value of the wall crimp on the rolling mill.

2. Increasing the sleeve-mandrel adhesion before
rolling. Increasing the sleeve-mandrel adhesion allows
you to intensify the pilgering process, especially at the
initial moment of rolling in the seeding mode. This
method allows you to choose a more optimal rolling
speed mode along the length of the pipe. The gap be-
tween the sleeve and the mandrel during seeding in-
creases the flattening of the roll due to reduction, and
this prevents canting. In addition, the presence of a
gap between the sleeve and the mandrel during the
seeding period leads to an increase in the unevenness
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of deformation across the caliber width and, as a result,
to the appearance of cracks and additional cutting of
the front end of the pipe. Reducing the gap to the min-
imum required values (10-12 mm), which ensure sta-
ble loading of the mandrel into the sleeve, is in practice
carried out by improving the quality of the sleeve pierc-
ing on the cross- rolling mill. To ensure a minimum gap
between the mandrel and the sleeve, the latter must
have minimal curvature and a stable (within the per-
missible limits) inner diameter along the length of the
sleeve, which is achieved mainly by the correct setting
of the cross-rolling mill.

Thus, to reduce the final cut during seeding, it is
necessary to strive to reduce the gap between the
sleeve and the mandrel along the entire length of the
sleeve or at its front end. On the 6-12" NT3 TPA, it was
found that reducing the gap Abetween the sleeve and
the mandrel leads to a reduction in seeding duration by
11.6-18.2%, other things being equal [8].

3. Use of special rings. This method has been used
during the rolling of pipes from high-alloy and special
steels and consists in the use of additional rings from
carbon steel, which are put on the mandrel and joined
to the front end of the sleeve. As a result of rolling into
the edge, the defective end from carbon steel is re-
moved, which makes it possible to significantly reduce
the consumption of alloyed and special steels. The
most widespread method is welding a special ring to a
hollow workpiece with subsequent heating to the de-
formation temperature and rolling directly on a pilger
mill. It is possible to join a heated special ring and a
hollow workpiece on a mandrel and compress the ring
on a press to increase adhesion.

4. Butt-rolling of sleeves. The method has found
wide application during rolling of thick-walled pipes
with D /5=6-12.5 and especially thick-walled pipes with
D/S<6 [1]. It provides reduction of the cutting of the
front and rear ends of the pipes due to a more uniform
distribution of deformation over the width of the caliber
due to the presence of "hard ends". For rolling of pipes
with thinner walls it was proposed to reduce the section
of the sleeve joint before the main deformation along
the wall thickness (Fig. 1). In this case, the draw ratio
during reduction of the sleeve wall is g1 =1.03-1.15,
and the elongation coefficient during deformation
along the wall 2= 4-9 [9]. The second option for imple-
menting the technological capabilities of the butt-rolling
method of sleeves is the use of carbon steel rings be-
tween the sleeves joined by mandrels (Fig. 2).

5. Forced tilting of sleeves by 90° during seeding.
In conventional air cylinders of a forgoler, the rotation
of the sleeve by an angle of 90-120 degrees is carried
out using a drill. Part of the plunger is made with a
thread that works in conjunction with a nut. The nut en-
gages with the threaded part of the plunger during its
movement towards the rollers. The angle of rotation
depends on the size of the plunger stroke and is not a
constant value. In the air cylinder of the company "
Mannesmann-Demag " (Germany), in addition to the
drill, a device for forced tilting of the sleeve is provided.
The optimal tilting angle is set, which is 90 degrees. In
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this case, the drill is made in such a way that the tilting
always occurs at an angle less than 90 degrees, and
the forced tilting device turns the sleeve to 90+(5-10)
degrees. [10]. The forced canting device is also

2

o\

|

designed to reduce the number of seed blows, which
is currently 11-12, and sometimes increases to 18.
This is due to the lack of canting in the initial rolling pe-
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Fig. 1. Stage of reducing the joint of the sleeves: 1 and 2 - the previous and next sleeves, respectively, 3 -

mandrel
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Fig. 2. Rolling of sleeves end-to-end with a ring between them: 1 and 2 - previous and next sleeves respec-

tively, 3 - mandrel, 4 —ring

6. Choosing a rational feed mode during seeding.
In practice, it is known to use two feed modes during
seeding. The difference between them is that the first
mode is carried out at a feed equal to its value in a
steady state. The second feed mode is characterized
by the fact that at the beginning of the seeding process
(in its first cycles) the feed value significantly (2.5-3
times) exceeds its value in a steady state. This feed
mode is used in practice more often, since it allows you
to reduce the duration of the unstable seeding mode
by 50-70% compared to the first mode, which, in turn,
provides a reduction in the final cut due to less uneven
deformation of the metal in the caliber, which makes it
possible to use it during the rolling of special (expen-
sive) steels.

There are known proposals for improving the feed
mode during seeding, and according to the first of
them, the next volume of metal is fed when a signal is
received about the complete rolling of the previous
metal feed, which should contribute to reducing the un-
evenness of metal deformation in the caliber, and
should also make the automation of the seeding mode
more realistic. According to the second proposal, it is
recommended that the metal feed into the rolls during
seeding (as well as during the rolling of the entire
sleeve) be carried out according to a pre- set program,

mu

which will allow you to more rationally choose the re-
quired feed mode and quickly change it [2].

To achieve the exact optimal feed rate, mecha-
nisms are provided that combine the hydraulic drive of
the carriage movement with a mechanical device for
precise dosing of the amount of this movement [10].
During the seeding of the sleeve into the rolls, the nut
of the feed dispenser moves according to a given pro-
gram. The carriage of the feeding device is pressed
against the nut, which thus determines the feed rate.
Later, during a stable process, the nut moves by a con-
stant value m with a frequency corresponding to the
frequency of rotation of the pilger mill rolls. This en-
sures the exact volume of metal that is given into the
rolls.

Currently, during seeding, feed mode 1 is used,
when the feed mis equal to the feed my in the steady
rolling mode (Fig. 3), which increases the seeding du-
ration to approximately 20 s. In the case of using a
sleeve with a prepared front end and in the presence
of a feeding device with a mechanical feed dispenser,
a variable feed mode 2 can be implemented, which re-
duces the seeding duration to 10 s. The third feed
mode is used for rolling heavily deformed steel grades.

1§ 4 N

Feed
3

i

1

10 14 20

Cycle number M

Fig. 3. Feed modes 1, 2 and 3 m during casing priming
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7. Selection of the rolling speed mode. Currently,
the rolling is carried out at a constant speed of rotation
of the rolls and the minimum permissible feed. The
possible number of revolutions of the rolls is calculated
from the condition of the permissible acceleration of
braking of the feeder during its approach to the rolls
during the idling period. The maximum permissible ac-
celeration of braking, which depends on the force of
adhesion of the sleeve to the mandrel, is determined
from the condition of the absence of slipping of the
sleeve from the mandrel during the rolling period [1 1].
In the initial rolling period (during seeding), the adhe-
sion of the sleeve to the mandrel is minimal, and then
increases as rolling progresses. Therefore, to increase
the rolling speed during seeding, it is necessary to in-
crease the adhesion of the sleeve to the mandrel. This
can be done by preliminary preparation of the front or
rear end of the sleeve on the mandrel;

8. Preliminary preparation of the front (rear) ends of
the sleeves [12]. The use of a pre-sharpened sleeve
end immediately eliminates the first stage of the seed-
ing, which reduces its duration and ensures the sleeve
is set beyond the line of the roll centers. Due to a
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significant increase in the feed (not exceeding the crit-
ical one), a significant reduction in the duration of the
second stage can be achieved, which, with a length of
the pointed end equal to half the pilger head, should
ensure a reduction in the seeding duration by 50%. In
the case of synchronization of the roll-feeder system
with a length of the pointed end of the sleeve equal to
half the length of the pilger head, the seeding duration
could be significantly reduced. The length of the end
section and its profile correspond to the length of the
pilger head and the shape of the pilger roll striker. How-
ever, obtaining such a profile of the end section from
the point of view of sharpening technology is irrational
due to the deterioration of quality due to significant in-
tercellular deformation and the acceleration of the end
section of the sleeve before the pilgrim rolling. As a re-
sult of our research, the shape of the end section was
recommended, in which the length of the sharpened
end of the sleeve is approximately half the length of the
pilger head.

Let us consider a refined classification of methods
for preparing the front ends of sleeves on a pilgrim unit
with a piercing press and an elongator mill (Fig. 4).

%
>
%

Fig. 4. Classification of methods for preparing the front ends of sleeves on a pilgrim unit with a piercing press

and a cross-roller elongator mill

Preparation of the front ends of the sleeves before
pilgrim rolling is possible at each of the four technolog-
ical levels. The first level is the piercing press, the sec-
ond level is the piercing cross-roller mill (elongator), the
third level is the off-stand charging section of the pil-
grim mill, and the fourth level is the pilgrim mill stand.

On the unit with a piercing hydraulic press, the fol-
lowing basic preparation methods are possible. At the
firstlevel: 1.1 - in the process of piercing the workpiece
into the sleeve with a mandrel with subsequent rolling
of the sleeves into pipes on the pilger mill, and the pro-
filing of the front ends of the sleeve is carried out with
support punches with a change of the profile sleeve;
1.2 - first, the profiling of the front end of the workpiece
is carried out, and then the compression in diameter
and wall thickness is carried out by moving the matrix
along the workpiece to its rear end. At the second level,
the following basic preparation methods of the front

ends of the sleeves are possible during the rolling of
the cups after the press on the oblique roll elongator
mill : 2.1 - in the process of rolling on the output side of
the elongator mill stand with idle rolls; 2.2 - the same
with profiled matrices; 2.3 - changing the rolling angle
of the working rolls of the elongator mill; 2.4 - change
in the spacing of the working rolls under the load of the
elongator.

At the third level, the following basic methods of
preparing the front ends of the sleeves are possible:
3.1 - by pressing with the punches of a hydraulic press
on the mandrel; 3.2 - on a planetary-type rolling ma-
chine or cross-screw flattening; 3.3 - by longitudinal
flattening in stream rolls; 4.4 - pushing the sleeve onto
the mandrel in the idle roll or matrix. At the fourth level,
the following basic methods of preparing the front ends
of the sleeves are possible: 4.1 - by preliminary press-
ing with pilgrim rolls with increased roll spacing; 4.2 -
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by pressing with press matrices in front of the stand;
4.3 - by pressing the sleeve end behind the stand with
press matrices under the condition of the rolled rolls
being spaced; 4.4 - limiting the position of the front end
of the sleeve in front of the rolls using profile sectors
placed in the mill stand [13].

A feature of the preparation of the front end of the
sleeve with idle rolls on a piercing mill (elongator) is the
presence of deformation of the sleeve section between
the drive and idle rolls, which is subjected to the forces
of axial support and twisting. In this case, the increase
in the diameter of the sleeve should not exceed 2%, so
as not to complicate the process of pilgrim rolling. Stud-
ies of pilgrim rolling of pipes from sleeves with pre-
pared front ends have established a decrease in metal
consumption by 5-14 kg/t due to a decrease in the front
end cut and the duration of the seeding process by 25-
30% (depending on the pipe assortment). The experi-
ence of using the TPA 5-12" elongator mill with pilgrim
mills for running in the front end of the sleeve with idle
rolls allowed us to determine the advantages and dis-
advantages of this technology, which should be used
to improve it. The second most realistic way to prepare
the front ends of the sleeves is to crimp the front end
of the sleeve on a mandrel with profiled half-matrixes
on a hydraulic press.

Further development of the technology of preparing
the front ends of the sleeve in the area of off-station
loading is the work [5], which proposed two new solu-
tions for preparing the sleeve in a four-jaw press with
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the sleeve canting at 45° between two compressions
by longitudinal jabs (Fig. 5) and on a planetary-type
rolling machine (Fig. 6). A feature of the new solutions
is that the preparation of the front ends of the sleeves
is carried out in both the first and second cases on
equipment placed between two pilgrim stands, which
reduces the equipment park. In this case, the prepara-
tion of the front ends of the sleeves is carried out on a
temporary short mandrel, the diameter of which is
equal to the diameter of the pilger mandrel.

The objectives of preparing the rear ends of the
sleeves before pilgrim rolling are to facilitate the condi-
tions for loading the mandrel into the sleeve, improve
the conditions of the seeding and steady-state pro-
cesses by reducing the gap between the sleeve and
the mandrel, increase the adhesion of the sleeve to the
mandrel before rolling to reduce the cutting of the
seeded ends of the pipes and reduce the seeding time,
increase the rolling speed on the pilger mill without the
sleeve slipping off the mandrel during the period of
sleeve braking when it rolls into the rolls. Reducing the
gap between the sleeve and the mandrel was pro-
posed by increasing the inner diameter of the sleeve at
its rear end on the cross-rolling piercing mill by moving
the short conical mandrel of the mill against the direc-
tion of rolling from the moment the rear end of the work-
piece approaches the rolls by a distance ALx so that
the thinning of the sleeve wall at the rear end was
within 2-6 mm [14].

first pass reduchon
second pass reduction

canhng
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Fig. 5. Scheme of preparation of the front end of the sleeve on a four-jaw hydraulic press: 1- sleeve, 2- press

jaws, 3- mandrel, 4- mandrel hydraulic drive
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Fig. 6. Scheme of preparation of the front end of the sleeve on the rolling machine: 1- sleeve, 2- clamp, 3-

idle

rollers, 4- faceplate, 5- mandrel, 6—mandrel hydraulic drive

To increase the adhesion of the sleeve to the man-
drel, it is proposed to prepare the rear end of the sleeve
before pilgrim rolling by pressing it on a two-hammer
horizontal hydraulic press with the deforming faces of
the hammers arranged at an angle of 90° (Fig. 7).
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The condition for holding the sleeve on the mandrel
during its insertion into the rolls is

P, 2Py,

where P, is the friction force at the contact of the
sleeve with the mandrel; P;,— inertial force applied to
the sleeve.
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Fig. 7. Scheme of crimping the rear end of the sleeve on a two-jaw horizontal press: 1-sleeve, 2 — mandrel,

3 —press jabs

Analysis of known processes of preparation of front
ends of sleeves shows that a common drawback for
them is the acceleration of the front prepared end of
the sleeve. This is due to the cooling of the sleeve,
starting from the piercing mill (elongator) during its
movement to the pilger mills. It should be noted that
the sleeve after the elongator loses almost 100°C, to
this it is necessary to add movement on the roller table
and movement in the area of out-of-station loading. All
this leads to a significant acceleration of the thinned
end of the sleeve, which worsens the conditions of the
seeding, primarily with an increase in the load on the
rolls, deterioration of the quality of their working surface
and increased risk of accidents.

To reduce these disadvantages: the elongator roller
table must be made heat-shielding, a heated thermo-
stat must be located in the off-stand charging area to
stabilize the sleeve temperature not lower than the crit-
ical one, and a metal temperature monitoring system
must function on the rolling mill both on the mills and
between the mills.

Combined use of methods for improving the seed-
ing regime. The greatest deterioration in the technical
and economic indicators of pilgrim rolling occurs during
the production of thin-walled D /5=12.5-40.0 and espe-
cially thin-walled D/S>40 pipes due to the features
mentioned above. The seeding conditions during the

production of thick-walled D /$=6.0-12.5 and especially
thick-walled pipes D/S<6 are much better, however,
even in this case there is a solution to improve the pro-
duction of these pipes.

For an axisymmetric position of the sleeve on the
mandrel before rolling on a pilgrim mill, a combined
preparation of the front and rear ends of the sleeves is
proposed, which will ensure uniformity of the gap be-
tween the sleeve and the mandrel and thereby in-
crease the accuracy of the pipes in terms of wall thick-
ness by reducing the transverse wall difference. This
measure is effective in obtaining pipes of the entire as-
sortment. Several options are possible for this. Accord-
ing to the first option, the front and rear ends of the
sleeve are crimped on the mandrel in the area of out-
of-the-mill charging. According to the second option, a
mandrel with a conical belt near the shank is used,
which will allow the rear end of the mandrel to be dis-
tributed and the gap to be eliminated.

Possible combinations of methods 1-8 are given in
Table 1, taking into account the ratio D /S, steel grade,
use of old or modernized feeders. For a modernized
pilgrim unit, the task of choosing a set of methods to
improve the seeding regime is solved from the point of
view of economic feasibility, taking into account the
above factors and production volumes.

Table 1. Combined use of basic methods for improving the seeding regime

No. Method Method number

s/n 1 2 31415 6 7 8

1 Reducing the extraction coefficient on the pilger mill AND | AND AND | AND | AND

2 iI::;:reasing the adhesion of the sleeve to the mandrel before roll- AND | AND AND | AND

3 Using special rings B B B

4 Butt-rolling of sleeves B B B

5 Forced 90° tilting of sleeves during seeding AND AND AND
6 Choosing a rational feeding regime during seeding AND | AND AND

7 Selecting the rolling speed mode AND B AND

8 Preliminary preparation of the front (rear) ends of the sleeves AND | AND | AND | AND
A - thin-walled pipes D/S=12.5 — 40.0 (especially thin-walled pipes D /S>40)

B - thick-walled pipes D/S= 6.0 - 12.5 (especially thick-walled pipes D /S> 6)

Conclusions

1. The presence of an unstable seeding mode of
hot pilgrim rolling of pipes reduces the technical and
economic indicators of pilgrim rolling, especially of thin-
walled pipes, which leads to a decrease in the produc-
tivity of the pilgrim mill by 1.2 - 1.5% and an increase

in the metal consumption factor by 2-3%.

2. An analysis of known methods for improving the
conditions of the seeding regime was carried out and
the prospects for their use for thin-walled and thick-
walled pipes were determined.

3. The maximum positive impact on the conditions

53



ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2025, Ne 3
Theory and Practice of Metallurgy, 2025, No. 3

of the seeding mode is made by the preparation of the
ends of the sleeves before the pilgrim rolling. Two new
technologies for preparing the front ends of the sleeves
on a four-punch press and on a planetary-type rolling
machine are proposed, as well as two new technolo-
gies for preparing the rear ends of the sleeves, the first
of which is carried out on a cross-roller piercing mill due
to the movement of the mandrel, which thins the wall
of the rear end of the sleeve and helps reduce the gap
between the sleeve and the mandrel. The second tech-
nology consists in pressing the rear end of the sleeve

between them at the beginning of rolling, which im-
proves the conditions of the seeding mode and in-
creases the rolling speed.

4. The most effective is the combined use of the
considered methods of improving the seeding regime,
taking into account the specific composition of the
equipment of the pilgrim unit, the assortment of pipes
being rolled, the tonnage of a specific order. The D/S
parameter of the pipes being rolled is of particular im-
portance, since the choice of certain methods of im-
proving the seeding process depends on it.

on the mandrel in order to increase the adhesion
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Improvement of methods and software for technological design of cold
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Cososiiosa 1.A., HukoaaeHnko 10.M., Baaakin B.P.
Y10CKOHAJ/IEHHS METOAMK TA MPOTrPaMHOIO0 3a0e3MeYeHHs
TEXHOJIOTIYHOT0 NMPOEKTYBAHHA JiJISIHOK X0JIOIHOI POJIMKOBOI
NPOKATKH

Soloviova LA., Nykolaienko Yu.M., Balakin V.F.

roller rolling sections

AHomauisi. Mema po6omu — po3pobka Mamemamu4yHuUx modenel napamempie deghopmauii 05151 npokamui Ha crmaHax
XITP 3 enposadxeHHsM ix 00 npoepamHO20 3abe3neyeHHs1 MexHomoeiyHo2o npoekmysarHs dinsaHok XITP. aHumu
Onss ompumaHHs Modesiell € MPakmMuUYHi ma ekcriepuMeHmarbsHi Mapwpymu eupobHuumea HepxxasitoHux mpyb pizHo2o
copmameHmy Ha cmaHax XI1TP. [aHi cmpykmypogaHi ma eukopucmaHo KopensuiliHo-peapecitiHull aHani3 0nsi Mmode-
nosaHHs1. Ha ocHosi ompumaHux modernel napamempis 0eghopmauii po3pobrnieHo npozpamHe 3abe3rneyeHHs, Wo eupi-
Wwye numaHHs1 NPOeKmMye8aHHs1 Mapuwpymig supobHuuymea xonodHodegopmosaHux mpyb Ha cmaHax XITP. Pe3yrb-
mamu pobomu Oaromb MOX/IUBICMb CKOPOYy8amu Hac MPOeKmy8aHHs1 Maplwipymie ma mexHornoeii eupobHuymea,
ompumMyeamu Hosi 8apiaHmu mMapwpymie 0na eubopy ma onmumi3zauii supobHuUYymMea 3 Memo CKOPOYEHHS npoxodie
Mapwpymy, eumpamHoz0 KoediyieHmy memarsly ma aHasidy HagaHmakeHHs1 Ha 06r1adHaHHs.

Knroyoei cnoea: abcontomHe obmucHeHHsi, 0echopmauis, MamemamuyHa Modesb, 3azomoska, mpyba, cmamucmuy-
HuUl aHani3.

Abstract. The purpose of the work is to develop mathematical models of deformation parameters for rolling on CPTR
mills with their implementation in the software for technological design of CPTR sections. The data for obtaining models
are practical and experimental routes for the production of stainless-steel pipes of various assortments on HPTR mills.
The data was structured and correlation-regression analysis was used for modeling. Based on the obtained deformation
parameter models, software was developed that solves the issue of designing routes for the production of cold-formed
pipes on CPTR mills. The results of the work make it possible to reduce the time for designing routes and production
technologies, obtain new route options for selection and optimization of production in order to reduce route passes, metal
consumption coefficient, and analyze the load on equipment.

Keywords: absolute compression, deformation, mathematical model, workpiece, pipe, statistical analysis.

Introduction. Despite the rapid development of
highly intelligent technologies, it is impossible to imag-
ine modern human life without metallurgy. Since this is
the industry whose products, we use every day. Engi-
neering activities are associated with the use of mod-
ern information technologies, computer programs, the
ability to perform modeling, forecasting, programming
to perform technological calculations at a professional
level, implement them in the existing technological pro-
cess and develop new production technologies.

Problem statement. The production of cold-de-
formed pipes of the same assortment leads to the use
of different technological schemes for their manufac-
ture, from blanks of different sizes for a different num-
ber of deformation cycles. When designing variants of
routes for the production of cold-deformed pipes, it is
necessary: to use in each pass of the route all possible
variants of equipment for cold rolling of metal, to limit
oneself to unified sizes of diameters and wall thickness
of blanks, to limit the sizes of the initial blank to the as-
sortment of blanks and to use deformation modes that
ensure maximum use of the plastic properties of the

© Soloviova I.A., Nykolaienko Yu.M., Balakin V.F., 2025
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metal, these problems were raised when designing
routes for the production of cold-deformed pipes of a
separate assortment and for some groups of steels [1-
5].

The purpose of the work is to develop mathemati-
cal models of deformation parameters for rolling a wide
range of pipes for different groups of steels that have
formed with the same deformation parameters on the
CPTR mills, with their implementation in the software
for technological design of CPTR sections, which is
useful for designers, production specialists, research-
ers and students when performing course and diploma
theses.

Research methods. The operating modes of the
CPTR mills introduced at Ukrainian pipe plants, known
methods of route calculations [1-5] were analyzed,
data were generalized and regression models of defor-
mation parameters were derived for new groups of
steels and a wide range of products were derived. Al-
gorithms were constructed, according to which soft-
ware for calculating pipe production routes on CPTR
mills was developed. In order to improve the methods

This is an Open Access article under the CC BY 4.0
license https://creativecommons.org/licenses/by/4.0/
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of calculating deformation parameters, regression-cor-
relation analysis of generalized experimental and prac-
tical data was performed. Various approximation mod-
els were carefully analyzed and the most accurate
ones were selected, according to which the corre-
sponding software for calculating routes was devel-
oped.

Results of the study Analysis of routes and tech-
nological maps of stainless-steel pipe production at
Ukrainian pipe plants led to the unification of the as-
sortment of stainless-steel cold-formed pipes into 8
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following groups (table 1) [1-6]. The purpose of unifying
the assortment is to identify the same deformation pa-
rameters in the production of cold-formed pipes on
CPTR mills. The maximum permissible compressions
in diameter (4D,,,) for pipes of each group of steels of
the considered assortment, changes in wall thickness
during rolling of pipes of different assortment on CPTR
mills were determined based on practical and experi-
mental data.

Table 1 - Assortment of cold-formed pipes by steel groups

Group Type of pipes

General purpose (austenitic stainless steel)

High quality (austenitic stainless steel)

General purpose (stainless ferritic)

With particularly high quality and precision requirements (stainless and carbon)

General purpose (10, 20, 15X, 20X, 20K, 10G2)

Improved quality (20A, 35, 15XM, 15X5M, 30XMA, 50XMA, 38XA, 38XMUA, 40X, 12X1MF, 12XN3A)

Hardly deformable (45, 50, 30KhGSA, EI-712)

OINO |0 |WIN|F-

Special thin-walled austenitic stainless steels

An algorithm for determining workpiece dimensions
when designing production routes has been devel-
oped, which is represented by the following calculation
stages:

The maximum diameter of the workpiece before
passing through the CPTR mill is defined as:

DO = Dgot + ADmaxr (1)

where Dy,.is the diameter of the finished pipe, mm;

D,— workpiece diameter, mm;

AD, .- maximum crimping diameter, mm.

The steel groups hereinafter correspond to the
groups indicated in Table 1.

Data received4D,,,, are presented as graphs of de-
pendence on the size of the finished product and

o Steel group 1-3 /

7

approximated by regression equations. The results of
the approximation are presented in Figures 1, 2.

The graphs below show pointwise practical and
experimental data that are approximated by regression
equations. Figures 1-5 — Definition of regression
modelsAD,,,, for different steel groups and assort-
ment. Figures 6-7 — definition of regression models for
calculating the wall thickness of the workpiece.

Comparison of statistical data and calculations
using regression models (Fig. 1, 2) allows us to select
models (1, 2) that are accepted for automated route
calculation for 1-3 product groups:

AD = 1,6481In(D) — 1,5542, (1)
for 4-7 product groups:
AD = 0,8241In(D) + 0,2229. (2)

AD =-0,0005D?+ 0,0927D + 1,4354

R?=0,9652

6

5 4

= 1,6481Ln(D) - 1,5542
R2 = 0,9356

20 40 60

80

100 120
Finished tube diameter, D, mm

Fig. 1. Maximum pipe compression by diameter4D,,,, on CPTR mills for steel groups 1-3
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AD = -0,0002D?+0,0464D + 1,7177

AD,mm Steel group 4-7 R%?=0,96

4,5

4

D = 0,8241Ln(D) + 0,2229

35 7 R?=0,9356

3
2,5

2 -
1,5 T T T T T )

0 20 40 60 80 100 120

Finished tube diameter, D, mm
e AD e polynomial (AD) e |0garithmic (AD)

Fig. 2. Maximum pipe diameter crimping 4D,,,,on CPTR mills for steel groups 4-7

For ultra-thin-walled stainless steel pipes (group 8), data, the curved lines are approximations of the data
the dependence ADwas studied on D, t, t/Dfor the by equations.
states XMTP 6-15, XMNTP15-30, XMNTP 30-60 (Fig. 3-
5). The points on the graphs correspond to practical

AD, mm
2,5

2 L 2
1,5 L 2

/

i

05— AD=1389,3(tgot/Dgot)*- 571,35(tgot/Dgot)* +65,276(tgot/Dgot) -
0,234
& ol ] ) R*=0,9703 ) ]
0 0,02 0,04 0,06 0,08 tgot/Dgot 0,1

Fig. 3. Maximum pipe diameter crimping on CPTR 6-15 mills for steel groups 8

AD, mm
3,5
3
2,5 4.
2
1,5 -
1 AD=-1485,2(tgot/Dgot)? + 132,89(tgot/Dgot) - 0,0889
0,5 2=0,9159
0+ ; ;
0 0,02 0,04 0,06 0,08
tgot/Dgot

T al

Figure 4 - Maximum pipe diameter crimping on CPTR 15-30 mills for steel groups 8
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AD, mm
3,5
3
2 Ty
2,5 /
2 9 /
1,5 ./
1 =- atlé—t150,62(is=;otlllgot)+
0,5 0,4356
R%?=0,957
0 : : ; ‘ : :
0 0,01 0,02 0,03 0,04 0,05 0,06
tgot/Dgot

Fig. 5. Maximum pipe diameter crimping on CPTR 30-60 mills for steel group 8

To calculate the thickness of the workpiece wall, we
analyzed practical and experimental data for each
CPTR state (for groups 1-3, these are CPTR states 8-
15, 15-30, 30-60, 60-120, Fig. 6, for group 8, CPTR
states 6-15, 15-30, 30-60, Fig. 7) and obtained models
for each CPTR state.

In Figures 6-7 the following notations are used:
tg0c —Wall thickness of the finished (reducing) pipe;
t,— the thickness of the workpiece wall.

1z = 0,7585|n(t‘,,) +1,8561
. CPTRS-15 g o
25

010203 040506070809 1 111213 14 15 16

tgop MM

tz= 1,0383In(t,,,) + 2,1363

tz CPTR 15-30 R?=0,9915

35

3 f
25

0 05 1 15 2 25

tgob mm
tz CPTR'30-60  tz=123657In(t;,)+ 2,4952 tz CPTR60-120 tz =1,9328In(ty,) +2,5605
R?=0,9918 R?=0,9551
4 6
35
5
3
25 t
2 3
- 2 /
05 —4f !
0 0 ‘ . : ‘
0 05 1 15 2 25 g 3.l 0 05 1 15 2 25 tyo M

Fig. 6. Approximation by regression models of the values of the billet wall thickness according to data for pipes

made of stainless-steel grades (Groups 1-3)

For carbon and alloy steels (group 4-7):
status of the CPTR 8-15:

t, = 0,4858 - In(ty) + 1,6734;

status of the CPTR 15-30:

t, = 0,7047 - In(ty) + 1,9517.

The type of dependence of the wall thickness of the
billet on the wall thickness of the finished pipe is loga-
rithmic ¢, = a - In(t,,) + b, where the coefficients a, 2
2 bare determined by the type of mill. For the use of
models in the program for calculating routes, equations
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(6) were unified t,(tg, stan())for steel groups 1-3,
where stan - types of CPTR: 8, 15, 30, 60:

L Steel group 8 CPTR 8-15
1,8
1.6 |
1,4
1,2
1 4
0,8
0,6
0,4
0,2

Steel group 8 CPTR 15-30

a=10,0217 - stan+ 0,661 4

tz = 0,6505In(tgot) + 1,4876
R? = 0,9654

tz = 3,1039tgot* - 8,8058tgot® + 7,2156tgot2 = 0,173tgot + 0,1908

R* =0,9956

0,7 0,8 0,9 1 1,1 1,2

tgot, mm

tz = 0,7835In(t o) + 1,6093

tz, mm R* = 0,9624
2,5
&
2
1,5
1
>
0,5
o,
0
Q 0,2 0,4 0,6 0,8 1 1,2 1.4 1,6
« tz - practical data ——— logarithmic (tz - practical data) tgot, mm
tz = 0,998In(tgot) + 1,7582
Steel group 8 CPTR 30-60
tz, mm e R* = 0,9674
3
2,5 2 2
2
1.5
1
0,5
0 ' '
0 0,5 1 1,5 2

< tz - practical data

tgot, mm

e we|Ogarithmic (tz - practical data)

Fig. 7. Approximation by regression models of the values of the billet wall thickness according to data for
ultra-thin-walled pipes made of stainless-steel group (Group 8) for grades CPTR 6-15, CPTR 15-30,
CPTR 30-60

b =0,3657 - In(stan()) (5)

Unified equation for steel groups 1-3 and corre-
sponding CPTR states:

t, = (0,0217 - stan + 0,661) - In(tg,) +
(0,3657 - In(stan()) () (6)

A similar dependence of the workpiece wall thick-
ness was obtained for ultra-thin-walled stainless steel
pipes (steel group 8) — Figure 7.

Unified equation for determining the wall thickness

60

of the workpiece for group 8 (7):
t, = (0,0145 - s tan + 0,5647) - In(t o) +
(0,0111 - In(stan()) ), (7)
where the parameter stantakes the value accord-
ing to the type of state of the steel CPTR - 6, 15, 30.
Taking into account the research, a program for cal-
culating routes on the CPTR mills has been developed.
Examples of calculations are given in Figures 8-10.
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Table 2. Summary table of models for calculating the wall thickness of the workpiece

State of the CPTR | Regression modelt, - wall thickness of | State of the | Regression modelt, - wall thickness of

(steel groups the workpiece, t;,,—wall thickness of | CPTR (groups of | the workpiece, tz,.—wall thickness of

1-3) the finished pipe itles?)ls the finished pipe

CPTR 8-15 t; = 0,7585 - In(t4e) + 1,8561 CPTR 30-60 t; = 1,3657 - In(tge) + 2,4952
R?=0.993 R?=0.9918

CPTR 15-30 t, = 1,0383 - In(tge) + 2,1363 CPTR 60-120 t, = 1,9328 - In(tgy) + 2,5607
R?=0.9915 R?=0.9551

State of the CPTR | Regression modelt, - wall thickness of | State of the | Regression modelt, - wall thickness of

(groups of steels | the workpiece, t;,.—wall thickness of | CPTR (steel | the workpiece, tg,.—wall thickness of

4-7) the finished pipe gr%lps the finished pipe

CPTR 8-15 t, = 0,4858 - In(t,,,) + 1,6734 CPTR 15-30: t, = 0,7047 - In(tgo) + 1,9517

CPTR 6-15 (gr. st.

t; = 0,6505 - In(tgy) + 1,4876

8) R?=0.9654
CPTR 15-30 (gr. t, =0,7835 - ln(tgot) +1,6093
st. 8) R?=0.9624
CPTR 30-60 (gr. t; = 0,998 - In(tgo) + 1,7582
art. 8) R%= 0.9674
HiameTp roToeci Tpvia 12 (Mepeeipka EMxigHMX 83 HHX -CTIHKH
Toemesa crisss roTosoi TpyiE 1(MNepeeipka BMXiAHME A3HHE -gi3METRY
IIponoEyEThCR THO CTAHY
Pozpaxverosl gaml
Pozpaxyeor MarcEMansEe JomvereEmoro delial)
Poapaxveos TOBIMEEE CTIHEKE IATOTOBKE
JiameTp 3aroToBKE Dz=C+deltalr| 14.5
ToRmEEA CTIHKE Iar0TOBKH 1,500 0217 0 S L PN 0 355 NS + 1 1351
Koedimicar seTa#mE 0o opoxoIy 218| “—EmmioEI e I
Ctvmias gedopmanil 3a opoxod {:I,Su?
Hemyvonnee smaTenns Cop bl Tacrmel s ma cramax XIITP - 1,06
cirok
ctov
JoB#EHEA JLISEKE 00TECKY . 170/
Jigifige sMimenaa mu 1833
Iloga=a B4
MagcEMansE0 TODVeTEMA DOIATA m_,. B
IIpeEMacmo IHATeHEA DOTATH B0
Jimifige IMimeEEa TPEEMAEMO 17,4

Figure 8 — Calculation of the route 14.5x1.9—12x1mm CPTR8-15, group 1
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Fig. 9. Calculation of the route passage 20x1.45—17x0.5 CPTR 15-30, group 1
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Fig. 10. Calculation of the route passage 23.5x2.5 -20x1.45 CPTR 15-30 group 1

Comparing the calculated routes with the existing assortment, with other equipment options and with a
ones makes it possible to propose routes for a new reduction in the number of passes (Table 3).
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Table 3. Calculated routes (st.12X18N10T, gr. )

No. | Manufacturing route Types of deformation
1 23x2.5
20x1.45 CPTR 15-30
17x0.5 goth CPTR 15-30
2 43x3.65
39x2.6 CPTR 30-60
35x1.2 Got CPTR 30-60
3 15x2.3
12x1.6 CPTR 8-15
10x0.75 CPTR 8-15
8x0.25 Got CPTR 8-15
4 23x2.5
20x1.5 Got CPTR 15-30
5 10.5x1.3 CPTR 8-15
8x0.5 Got
Conclusions reduces the time for designing routes, allows for the

The developed mathematical models and calcula-  optimal selection of routes with fewer passes com-
tion program solve the issue of designing rolling routes  pared to the current ones, which, in turn, leads to sav-
on CPTR mills for different groups of steels, which ings in production time and metal consumption .
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I'puwuHn 0.M., Isawjenko B.I1, Hadmouiii A.A., Beawkypenko O.I., Yimuwenko T.10.
BnuimB eHepreTu4HOI Ta XiMiKO-KaTAJITHYHOI IHTeHCHPiKaLil
BiITHOBJICHHS 32J1i32 HA OKMCJIOBAHICTH METAII30BAHOT0 POAYKTY

Grishin 0.G., Ivashchenko V.P., Nadtochii A.A., Bezshkurenko 0.G., Chimyshenko T.Yu.
The influence of energetic and chemical-catalytic intensification of

iron reduction on the oxidizability of the metallized product

Anomauisi. Mema. Memoto pobomu € aHani3 ernnusy efiekmpomazHim+o20 Mo ma KamasnaimuyHux dobasok Ha rnapa-
mMempu rpoyecy OKUCeHHs 8iOHo8eHo20 2ybyacmozo 3anisza. Memoduka. Ekcriepumernmu npogoduru y 3MiHHOMY ma-
2HImHOMY nosi 3 BUKOpUCMaHHAM mepmoepasimempuyHoi MemoOduku. pouec okucrneHHs1 0ocrnioxysarnu i3 8u3Ha4YyeH-
HAM memrepamypu rno4yamky OKUC/IEHHSI ma cmyreHs1 OKUcneHHs. Pe3ynsmamu. Pe3ynbmamu nabopamopHuUx ekcrie-
pumeHmig ceidyamb rpo 8IUS e1eKMPOMazHimHO20 oISl Ha MPOUEC OKUCIIEHHS npodykmie meepdogha3Ho20o 8iOHO8-
TIeHHs1 3arni3a. BeedeHHs1 kamarnimu4Hux 006a8oK y 8i0HOBMH08aHyY LWUXMY MO3UMUBHO 8MIUGaE Ha OKUCIO8aHICMb po-
dykmy. HusbkoyacmommHe rione nidguujyeano memrnepamypy noYamky OKUCIIeHHS ma 3HUXy8aro CmyriHb OKUC/IEHHS.
Haykoea HosusHa. EkcriepumeHmarbHO nidmeepdxeHo 8rniue eniekmpomazHim+Hozo nons (EMI) Ha memnepamypy no-
Yamky OKUC/IEeHHS], CMyniHb ma weuoKiCMb OKUC/IEHHSI MemarlizogaHo20 rpodykmy. 3anpornoHo8aHo MexaHi3m nacusy-
toyoi 0iif EMI ma kamanimu4Hux 0obasok Ha eidHoeneHe 3ani3o. [MpakmuyHa 3Hadywicmbs. OmpumaHri pe3ynsmamu
docrniidxeHb 003807190Mb 3HU3UMU 8MmMpamu rpu OKUCIEHHI Memarizo8aHo20 3as1i3HO20 MOPOWKY.

Knroyoei crioea: meepdoghasHe 8iOHOBIEHHS, nacusauisi, CmyniHb OKUC/IEeHHS, Kamarnimu4yHi 00basku, 3MiHHe erlekm-
pomazHimHe rorsne, MmexaHiam srnugy EMI

Abstract. Purpose. The purpose of the work is to analyze the influence of the electromagnetic field and catalytic additives
on the parameters of the oxidation process of reduced sponge iron. Methodology. The experiments were carried out in
an alternating magnetic field using the thermogravimetric method. The oxidation process was studied with the
determination of the temperature of the onset of oxidation and the degree of oxidation. Results. The results of laboratory
experiments indicate the influence of the electromagnetic field on the oxidation process of solid-phase iron reduction
products. The introduction of catalytic additives into the reducing charge has a positive effect on the oxidation of the
product. The low-frequency field increased the temperature of the onset of oxidation and reduced the degree of oxidation.
Scientific novelty. The influence of the electromagnetic field (EMF) on the temperature of the onset of oxidation, the degree
and rate of oxidation of the metallized product was experimentally confirmed. The mechanism of the passivating effect of
EMF and catalytic additives on reduced iron was proposed. Practical significance. The obtained research results allow to
reduce losses during oxidation of metallized iron powder.

Keywords: solid-phase reduction, passivation, oxidation state, catalytic additives, variable electromagnetic field,

mechanism of EMF influence

Betyn
TexHonoria TBepaodasHOro BiAHOBNEHHSA 3arisa

Mae psf ICTOTHUX nepeBsar: BidHOCHO HU3bKi Temnepa-
TYpW, BUCOKa CTYNiHb BUIyYEeHHS MeTany 3 pyaHoro
marepiany Ta iH. Pa3om 3 TUM NpodyKTUBHICTb AaHOi
TexHonoril 6e3nocepenHbO 3anNeXnTb Bif iIHTEHCUBHO-
CTi BCiX Cnony4YyeHnx NaHokK npouecy Ximiko-katanituy-
HUM Y1 eHepreTUYHUM BrnmBoM. Pa3om 3 Tum, npak-
TUYHE 3HaYeHHA Mae OTPUMaHHa MeTanizoBaHoro
NPOAYKTY 3 BUCOKMMU SIKICHUMM MOKa3HUKamu, i B ne-
pLLY Yepry, NOro 3axuCT Bif OKUCMNEHHS.

PesynbTaty gocnimkeHHs Ta iXx 06roBopeHHs

MpoayKkTn HM3bKOTEMNEPaTYpPHOro BiAHOBMEHHSA
(meTanisauii) 3anizopyaHux marepianis, sk nNpaBuIio,
MatoTb PO3BMHEHY MOPUCTICTb i MOBEPXHI0. OCTaHHS, 3
YMOB BiAHOBJIEHHSA 3a3BUYal XapaKTepuayeTbCs 3HaY-
HOIO HEBMOPSAKOBAHICTIO KPUCTamMiYyHOi CTPYKTYpW.
Yce ue CTBOPIOE CNPUATANBI YMOBU AN BTOPUHHOIO
oKuncneHHs (i HaBiTb cCaMo3aMaHHs) MeTaneBoro npo-
OyKTYy kucHem noBiTps [1-17]. CTyniHb OKMCNEHHS (Wox.)

npw 36epiraHHi, TpaHCNOPTYBaHHI, Nnasui, Npu noapi-
BGHeHHi rybkun Ha NOPOLLOK Ta iH. MOXxe ByTun gyxe cyT-
TeBot. BoHa 3anexuTb, cepeq iHWMX nNpuymnH [1, 11-
17], Big NPUCYTHOCTI y LUNXTi aKTUBYHOYMX JODaBOK.
Tomy MpoayKTV BiOHOBIIEHHS 3ani3opyaAHMX MaTe-
pianis niggasanuca HaMmu nepesipLi Ha OKUcnioBa-
HIiCTb KncHeMm nosiTpa [18]. BusHavyanu Temnepatypy,
3a FKOI MOYUHAETLCHA IHTEHCUBHUI PO3BUTOK MpoLuecy
(Tox). Ha ycTaHoBLUi 3 aBTOMaTM4HOW Be3nepepBHUM
3Ba)KyBaHHAM 3paska BMBYamnu KiHETUKY OKUCIEHHS B
pi3HMX TemnepaTypHux ymoBax. ButpaTta nositps B
OCHOBHIl cepii gocrnigis ctaHosuna 0,3-0,4 n/xB. 3ako-
HOMIPHOCTi, BCTAHOBMEHI Y OOCNIMKEHHSIX, Y3romKy-
10TbCA 3 NnitepatypHMu ganmmu [1, 13-15].
TBeppodasHe BigHOBMEHHSA 3ani3a 3a HEBUCOKNX
Temnepartyp Npu3BoA1Tb 4O OTPUMaHHS MeTari3oBa-
HOro MpoAyKTy, AN SKOro xapakTtepHa BMCOKa OKMC-
NoBaHICTb Ha NOBITPI i HAaBITb NiIPOOPHICTL (Camo3an-
mMaHHs1) [19]. Lle npm3BoaunTb Ao BTpAT 3arnisa npu Bu-
Aadi NpoayKTy Ha NoBiTpsi, nepenna.y ryoku Ta iH. Ll
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BTpaTW, WO AOCAralTb KifIbKOX AEeCATKIB BiACOTKIB,
3HWXKYIOTb TEXHIKO-€KOHOMIYHi MOKa3HWKM MpoLecy.
HesBaxkatoum Ha Te, LLIO BMCOKA OKMUCIIIOBaHICTb rybya-
CTOro 3arisza Ta NOPOLLKIB € OAHIEID 3 FONOBHUX NPU-
YMH, L0 OOMEXYIOTb LLUMPOKE BMPOBAMKEHHS Y NPOMU-
cnose BUPOBHMUTBO TBEPOO(A3HOro BiOHOBIEHHS,
NPUYMHK Ta aKkTopHK, WO BAMBAKOTL HA HEl, Ta MOX-
nuBi 3axoau MiHiMi3auii BMBYEHI HeagoCTaTHLO. byno
OOCINiIIKEHO OKWUCIOBAHICTL 3ani3a, OTpUMaHOro 3
Fe203 i FesO4, MarHeTTOBOrO KOHLEHTpaTy i 6baraToi
3ani3Hoi pyau, Npu pisHUX TemnepaTypax i B 3BMyain-
HUX YMOBAXx i 3 BUKOPUCTAHHAM €HEepreTU4Hux Ta Xi-
MiKO-KaTaniTiHMX BNnuBiB. [OCMNigKeHO OKUCNHoBa-
HICTb 3anisa, OTpMMaHOro nNpwu BIOHOBMEHHI PyOHUX
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Puc. 1. Bnnue EMI Ha okucriroeaHicmb 3ariiza npu

313 K; 3arnizo ompumaHO 3 MazHemumogo20 KOHUEH-
mpamy (MK) npu 773 K:
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MaTepianiB Byrneuem, y noToLi NoBIiTps 3a PisHUX Te-
Mmneparyp.

oG yHWMKHYTWM BiOKNageHHs caxi, LmnxTa BigHOB-
noBanaca npy 873-973 K y noToui YMCTOro BOAHIO.
BcTaHoBneHo, Wo meTtan, OTpUMaHuMn 3 MarHeTuTo-
BOro KOHLUeHTpaty npu 773 K, nounHaB okucniosaTucs
B cTpymi no.iTpst Bxe npu 313 K. lMNMpouec npoTikas 3
BMCOKOIO LUBUAKICTIO, ane npu CTyNeHi OKUCMEHHSA
(Wox.) ~45 % cnoBiNbHIOETLCS | HE3abapoM MOBHICTHO
3ynuHsieTbea (puc. 1). 3aniso, BigHoBneHe npu 873 K,
NoYMHaE B3aEMOIATU 3 KUCHeM noBiTps npn 473 K Ta

OKUCINEHHS MpoTikae rnMboKko: Wok. AOCsrae Mawxe
60 % (pwuc.2).
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Puc. 2. Brinue EMI Ha okucrtosaHicmb 3ari3a

npu 483 K; 3anizo ompumaHO 3 Maz2Hemumoeozo
koHueHmpamy (MK) npu 873 K:

1 — no3a nonewm; 2 — BiAHOBMNEHHS B NOMi; 3 — OKACMNEHHSA Y NONi; 4 — BiQHOBMEHHSI Ta OKUCIIEHHSI B NONi

BunpobyBaHHsi kaTanizaTopis — CONen nyXHux me-
Tarnis — nokasaro NPUCKOPEHHS NPOLIECY BiGHOBIEHHS
Ta O[IHOYaCHO 3POCTaHHA OKUCMOBAHOCTI MeTani3osa-
HOi ry6ku (puc. 3, 4). MNpoaykT, oTpumaHun npu 773 i
873 K, y npucyTHOCTI xnopuay Kanito B3aemMofisiB 3 Ku-
CHeM MOBITPS AyXe eHepriiHo, KIHLEBUA CTYNiHb OKu-
cneHHs wok. gocaras ~80 %. 3HMKEHHSA BUTPaTK NOBi-
TP CWMbHO 3HWXKYBamno LWBMAKICTb OKUCIEHHS,
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Puc. 3. Brinue EMIT Ha okucntosaHicme 3asisa rnpu
313 K; sanizo ompumaro 3 MK ripu 773 K ma 1 % KCI:

0cobnMBO B NOYATKOBOMY MepioAi, NpoTe rpaHnyHum
CTYNiHb OKUCMNEHHS He 3MiHIoBaBcH (puc.5).

OxkucrnioBaHicTb 3anisa, OTPMMaHOro 3 remMaTuTy Ta
MarHeTuTy BigHoBneHHsM CO npu nigBULLLEHMX TeM-
nepatypax: 1073-1173 K, Takox 3poctana y npucyT-
HocTi KCI. Lie BusaBnsnocsa B 4eAKOMY 3HWKEHHI TeM-
nepaTypy noyaTky OKUCIIEHHSI Ta Yy CYTTEBOMY 3pOcC-
TaHHi LUBWMAKOCTI NpoLecy Ta BeNUYMHN MPaHUYHOT Wok.
(puc. 6, 7).
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Puc. 4. Bnnus EMI Ha okucritogaHicmb 3arsisa rpu
483 K; 3anizo ompumaHo 3 MK npu 873 K ma 1 % KCI:

1 — 6e3 nons; 2 — BiQHOBMNEHHS B NOSi; 3 — OKUCIEHHSA Y noni; 4 — BiQHOBMEHHS Ta OKUCINEHHS B MONi
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Puc. 6 Ximiko-kamanimu4HuU ersue Ha oKUCsIoea-
Hicmb 3aniza (1073 K) npu memnepamypax rnovyamky
npouecy:l - 1% KCl, Ta = 433K;
2 — 6e3 nobaBkn, Tox. = 473 K; 3 — 1 % LiCl, Tok =
623 K

Puc. 5. Brinus weudkocmi rnosimpsiHo2o rnomoky
Ha okucsrogaHicmp 3aniza npu 312 K; 3anizo ompu-
maHo 3 MK npu 773 K, y npucymHocmi 1 % KCI:

1-W=0,4 n/xB; 2 - W=0,2 n/xB
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Puc. 7. Ximiko-kamarnimu4Hul ernnue Ha OKUCIIo-
gaHicmb 3aniza (1073 K) npu 623 K, meman ompu-
maHul 3 Fe;Os npu 1073 K:

1 - 1% KcCl, 2 -
3-1% LiCl

6e3  pobaBku,

HeratuBHuiA echekT nocuntoBaBcs 3i 36iNbLUEHHAM KinbkocTi 4o6aBku B WNXTi (puc. 8).
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[Nsi 3HXEHHSA OKMCITIOBAHOCTI METaNeBoro Npoay-
KTy ©yno BukopucTaHo 3miHHy EMIT npomucnoBoi va-
cToTn. BOoHO Haknaganocsi Ha cucTemy, Lo pearye, Sk
Y NpoLECi BiAHOBMNEHHSA, TaK i B XOAi OKUCIEHHSI OTpU-
MaHoro 3anisa.

B 060x Bunagkax cnocTepiranocst 3HWKEHHS LIBU-
OKOCTi B3aEeMogii meTarny 3 KUCHEM MOBITPs Ta 3MeH-
LLUEHHSAM rpaHn4Horo wok. (puc. 1, 2).

OpHak Ui edbekT Ana NOPOLLKOBUX MaTtepianis
Oynn NOpPIBHSAHO HEBENWUKUMU: BiAHOCHE 3MEHLLEHHS
KiHLLleBOro 3Ha4eHHa wox. cknagae 10-15 %. Enektpo-
MarHiTHi BNIIMBW NPOTSIrOM YCbOro Aochigy nokasanm,
Lo Marno BigpisHsatoTLES (puc. 1, 2).

MopibHa kapTnHa mana micue npu gobaBkax kaTa-
nizgatopa KC| B wuxty. 3MiHHE none 3HWXyBasno
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Puc. 8. Brinus Kinbkocmi kamarnizamopa Ha OKU-
cmosaHicme 3anisza npu 332 K, meman ompumaHul
3 Fe0Os npu 1073K: 1 - 3% KCI,
2-1%KCl

OKMUCNIOBaHICTb 3aniza (puc.3, 4), npoTe BenuynHa
rPaHMYHOro 3HAYEHHS Wok. 3anuwanacs 6inbLoto, Hixk
y gocnigax 6e3 gobaBok.

BcTaHoBneHi 3akoHOMIpHOCTI Ana  3anisopyaHuX
MOPOLLKIB MOBTOpMIUCA Ans pyay dpaxuii 0,5-2,5 mm.
Pa3om 3 Tum ecbekTmBHICTb HaknagaHHs EMI1, ocob-
NMBO MPU HEBUCOKUX TemnepaTypax, Ha OKUCMEHHSI
3ani3a BusiBMNacs GinbLUOO, HiX y gocrigax 3 NopoLu-
KOoBMMW MaTtepianamu. Tak 3ani3o, BigHOBMEHe npu
873 K B yMOBax eHepreTUyHuX BNuBIB, 3 KUCHEM MO-
BiTps npu 373 K npaktnyHo He B3aemogisno (puc. 9).
AHanoriyHa KapTuMHa cnocTtepiranacsa B npoLeci oKuc-
neHHs 3anisa npu 473 K, sikWwo BOHO Byno oTpMmMaHo
npu 973 K; a y pasi BigHoBneHHs npu 873 K kiHUeBe
3HaYeHHs1 wok. 3MeHwWwyeTbes Ha ~1/3 (puc. 10).



A

Puc. 9. Brinuse EMI1 Ha okucnitogaHicmb 3arnisa
npu 373 K, 3anizo ompumaHo 3 pydu nipu 773 i
873 K: 1,3 —no3a nonem; 2,4 —y noni; 1,2-773 K;
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Puc. 10. Brinue EMIT Ha okucrogaHicmb 3ani3a ripu
473 K, 3aniso ompumaHo 3 pydu npu 773-973 K: 1,3,4
—nosa nonew; 2,5,6 —y noni; 1,2 - 773 K; 3,5 - 873 K;

lMigBnweHHA TemnepaTypy okucneHHs 0o 573-673 K 3HwkyBano pedynsTtati Bnnvey nons (puc. 11 ta 1abn.

1),

100
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NMepesipka nokasana, wo EMI, HaknageHe Ha npo-
LieC BiAHOBIEHHS, BMNMIMBAE HA OKUCIEHICTb MeTane-
BOro MPOAYKTY FOMIOBHUM YMHOM Ha 3aBepLUanbHOMY
eTani peakuii. BkrtoueHHs nons npy JOCATHEHHI Waup,

Puc. 11. Bnnue EMI Ha okucrirosaHicmb 3ari3a
3a 573 K, 3anizo ompumaHo 3 pydu npu 773 — 973 K:
1,3,4,7 — no3a nonewm; 2,5,6 — y noni;

1,2-773K; 3,5-873K; 4,6 —973K;

7 — 1 rognHa B Ar

= 60 % ynoBinbHOBaNo nogarblUe OKACIEHHSA 3ani3a,
Xoya 1 cnabue, Hixk y pasi Gifnbl paHHbLOro Hakmna-
[OaHHs Norns, ane NpoTArom BCbOro gocnigy (tabn. 2).

Tabnuus 1 - Brinue EMIT Ha okucnrosaHicmse 3aniza npu 673 K
(3anizo ompumaro 3 pydu npu 773-973 K)

Yac okuc- | CtyniHb okmMcneHHs 3anisa (%) Npu pisHUX BMAvBax Ha cuCTemy

NEHHs, XB nosa nonem | y noni nosanonem | y noni nosanonem | y noni
773K 873K 973K

10 36,5 36 35,8 35,5 34,5 30

20 61,5 60,8 59,5 58,5 57,5 54

30 79 78,2 77 76 74,5 70

40 89,4 88,4 85 84 82,4 78,6

45 92,6 91,4 87 86 84 80

50 94,6 93,6 88 87 84,5

55 95,6 94,6 88,5 87,5

Tabnuus 2 - Bninue mpusasniocmi eriekmpoMazHimHo20 8risiusy Ha OKUC/Ho8aHicmb 3arisa rnpu 673 K (meman

ompumaHo 3 pydu n

pu 973 K)

Yac okucneHHs, | CTyniHb okncneHHs 3anisa (%) npu pisHMX BNnvMBax Ha CUCTEMY

XB nosa no- | y nomi none yBiMKHeHe MpuW | nofe yBIMKHEHe Mpuv | none yBiMKHeHe npu
nemMm Wox=20 % Wox=40 % Wok.=60 %

10 35 30 31,5 32,5 335

20 60 54,5 55 56,5 58

30 77 71,5 72 73,5 75

40 85 79 80 81,8 83

50 87 80 81 82,5 84

55 87,2 80,3 81,2 83,0 84,3
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LlikaBi gaHi 6ynu oTpumaHi npu BBEAEHHI Y BiHOB-
noBaHy wuxty LiCl. Xnopug niTito cyTTEBO ranbmye
BiAHOBMNEHHS okcuaiB 3ani3a razammn. OgHak, oKuchnto-
BaHICTb MeTaneBoro NPOAYyKTY TakoX CYTTEBO 3MEH-
WwyBanacs, Lo 3HaWLWNo BiJOOGPaXeHHS y 3HAaYHOMY
3pOCTaHHi TemnepaTtypy noyatky OKUCIEHHS, 3HU-
XKEHHI LIBMAKOCTI MpoLecy Ta rPaHUYHOrO 3HaYEeHHS
Woxk, (puc. 6 Ta 7). Y ToM xe yac gobasku LiCl npucko-
pIOKOTb BYrreLeBoTEPMiYHE Ta KOMMMEKCHe BigHOB-
neHHs 3anisa. Lle 0o3Bonunio npunyctuTn, WO BUKO-
pUCTaHHA Xnopuay niTito y npouecax 3a yyacTio Byr-
neuto gae edekT iHTeHcudikauii 6e3 icToTHoro 36inb-
LLIEHHS1 OKVUCIOBaHOCTI 3anisa.

[ircHo, nepesipka nokasana, Wwo 3ani3o, oTpMMaHe
KOMIMMEKCHNM BigHOBIEHHSM MarHeTUTOBOIrO KOHLIEH-
Tpaty B npucytHocTi 3 % LiCl npu 1173 K nounHae
B3aEMOZIATU 3 KUCHEM NOBITPS Npu Temnepatypi, 6nu-
3bKOI 40 Jocnifis, Wo cnocTepiranocs 6e3 gobasku.
BeegeHHs B wnxty 3 % KCI nomiTHO 3HWMXye Temne-
paTypy novaTky okucneHHs (ao 593 K).

3a nitepatypHumMmmn gaHumu [20], NpUYMHN BUCOKOT
OKMCNEHOCTI Ta NipogOpPHOCTI 3ani3HMX MOPOLUKIB Ta
ryoku BuBYeHi HegocTaTHbo. OgHak, 6e3CcyMHIBHO, Lo
NipodOpHICTb 3ani3a BMpilLanbHOK MIpOK BU3Ha4Ya-
€TbCA oro 6ygoBot0, HacaMmnepen, AMCNEPCHICTHO Ya-
CTMHOK i gedpekTHiCcTio kpucTaniyHoi pewitkn. Came
TOMY 3ari3o, oTpMMaHe Npu HU3bKoTeMnepaTypHOMY
BIJHOBIIEHHI, KONMKM npouecn «30dmpanbHOi» KpucTani-
3auii He MaloTb CYTTEBOrO PO3BUTKY, a PELLITKA Xapak-
TEpPU3YETHCH HEBMNOPSAKOBAHICTIO, MPOSABNAETLCA Nia-
BUMLLEHA CXWUMBHICTb 0 OKUCMEHHS.

Ha ocHoBi oTpuMaHunx pesynbTaTiB AochigpkKeHb Ta
niTepaTypHUX BiOMOCTEN MOXHa NpeacTaBuTU Mexa-
Hi3M BMNAMBY eHepreTU4HMUX Ta XiMiKOo-kaTaniTM4HUX
BMMMBIB Ha OKWUCMEHHSA CBiKe BiAHOBMNEHOro 3anisa.
OkucnenHs 3anisa [21] cynpoBogKyeTbcsa 30inbLUeH-
HsiM 06’eMy KpucTaniyHoi dasn. BHacnigok Lboro ok-
Ccv pOCTe Ha MOoBepXHi MeTany y BUMMAgi WinbHoro,
HEeNnopucToro, MOKPMBHOIO LWapy. BHyTpilwHbLoAMDY-
3iiHUI TPAHCMOPT ra3onoibHOro KUCHIO B peakLiviHin
30Hi AyXe YTPYOHEHWUN | B yMOBaX HEYLLKOKEHOI OK-
CVOHOI MMiBKW MPOLEC 3OINCHIOETLCS, TONMOBHUM Yn-
HOM, Yepe3 Andysito ioHIB 3ani3a i KUCHIO Yepes Kpuc-
TaniyHy peLuiTky okeuay.

BctaHoBneHo [22,21], WO CTPYKTypHa KapTuHa
OKMCIEHHS 3arni3a Jobpe y3rookyeTbcs 3 ocobnmeoc-
Tamu giarpamu Fe-O, WBNAOKICTb YTBOPEHHA OKpEMUX
OKCUOHWX BepCTB MIMITYyeTbCA TBepAodasHo Andy-
3i€to iOHIB. Y peLuiTui BIOCTUTY BU3HaYarnbHa porb Ha-
NeXnTb NepeMmileHHI0 KaTioHiB 3anisa, YoMy crnpuse
gipyacta npupoga FeO. Y wapi FesOs Takox nepesa-
Xae audpysis 3anisa, Wo NpoTikae No MiKBY3nsaX i Ba-
KaHcisx, Wo 3aBXau € B pewiTui wniHeni [22], TyT Aun-
doy3is ioHiB 3anisa 3ycTpivae 3Ha4HO BinbLUMIA ONip, HiXK
y wapi FeO. Y copmyBaHHi 30BHILIHLOIO LWapy —
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Fe20s, BU3Ha4anbHa posnb, BOYEBUOb, HANEXUTb iO-
HaM KUCHIO, SIKi NepeMILLyOTbCS Yepes aHiOHHI BakaH-
Cil KpyCTaniyHoI peLuiTKn.

MexaHi3aM OKMUCMNEeHHA BiQHOBMEHOro 3anisa 3Hau-
HOK MipOl0 BM3Ha4YeHO B o6nacTti BUCOKUX Temnepa-
TYp. Hwxye 843 K Garato 3anuviaetbcs HedcHUM [22],
X04a came Ui TemnepaTypu CTaHOBNSATb HanbinbLmm
iHTepec 3 TOYKU 30PY OKMCIOBAHOCTI Ta NipoOPHOCTI
3anisa. MoxHa obrpyHTOBaHO CTBEPOXKYBATH, LLIO 3PO-
CTaHHs1 TemnepaTypu BiAHOBMEHHA 30inblUye (3a iH-
LUMX PIBHMX YMOB) TemnepaTtypy no4aTKy OKUCIIEHHS,
3HWXKYE MOro LWBMAKICTb | FpaHMYHY Wok., NepLl 3a Bce
B pes3ynbTaTi po3BUTKY «30MpanbHOi KpucTanisauii» B
NpOoLIECi Bi4HOBIIEHHA Ta pekpucTanisauii Bxxe yTBope-
HUX TBepaux das. MigBuLLEeHHS TemnepaTypu OKUC-
MNEeHHs, HaBMNaku, NPUCKOPIOE peakLito Ta 36inbLuye Ki-
HueBy wok.. Lle 3yMOBNeHO, ronoBHUM YMHOM, 3pOC-
TaHHAM WBMAKOCTI TBepaodasHoi Andysii Ta noner-
LLUEHHSAM KPUCTaNoOXiMiYHNX NepeTBOPEHb 3arasnom.

Oku1cnoBaHiCTb MeTaneBoro NPoAyKTy, NPUPOAHO,
3anexuTb Big BUAY BMKOPUCTOBYBAHMX LLUMXTOBKX Ma-
TepianiB Ta cnocoby BigHOBMEHHs. Tak 3ani3o, oTpu-
MaHe 3 MOPOLLKOBMX Ta 3€PHUCTUX LUMXT 3a AOMOMO-
row rasiB, 3HaxoAUTbCH Y HeOAHaKoBUX ymoBax. Y
nepLIoMy BUNAaZKy ripLua ra3onpoHUKHICTb 3paska B Lii-
nomy, a B ApyroMy — YyTPYOHIOETLCA AOCTYN KUCHIO
BCepeavHy okpeMux 3epeH. Lle BM3Havae GinbL rmu-
Boke OKMCINEHHS 3ani3HOro NOPOLLKY i NPOBymKye Ae-
Ak ocobnueocTi BnnuBy 3miHHOrO EMI Ha kiHeTuky
npouecy.

3MEHLLEHHS OK1CMIOBAHOCTI 3arni3a Npu pisHWX Ba-
piaHTax HaknagaHHA nons nos'a3aHe 3 Po3rnaHYyTUM
paHille 3pOCTaHHAM PYXIMBOCTI iOHIB KpuUCTaniyHol
peLUiTKN, KA OOYMOBMEHWNIA SIBULLEM MarHiTOCTPUK-
uii. Bucoka pyxnumBicTb iOHIB Npy eHepreTU4HUX Bru-
Bax y MpoUecCi BiAHOBMEHHSA CNPUSiE KpUCTaroximiy-
HOMY nepeTBOpeHHIO B cucTemi Fe-O, 3abesnevye yc-
nilWHMIN nepebir «30mpanbHOI KpucTanisauii» HOBUX
das, 3HWKYIUYN ONCNEPCHICTL MEeTaneBoro NPoayKTy
Ta CNpusitoYM YNopsiAKyBaHHIO pewiTki. Bnnue nons B
XO[i OKUCIIEHHA 3aBOsKU TOMY X eddeKkTy cnpuse no-
AanblUIOMy BMNOPSiAKYBaHHIO KPUCTaNIYHOI peLliTk/ 3a-
niza Ta noro pekpuctanisadii. 3asHaveHi ssuLa Npms-
BOOATb [0 3HWKEHHSA OKUCITIOBAHOCTI MeTany i npu Ha-
KnageHHi nons B Xodi BCbOro gocnigy, Lo OXOmnmoe
BiHOBIIOBANbHMI Ta OKUCNIOBaNbHWIA Nepiogu.

BoueBnab, npouecn «36upanbHOi KpucTanisauii»
Ta pekpucTanisauii po3BMBalOTLCA NEpPEeBaXHO B Me-
Kax OKpeMUX YaCTUHOK MOPOLLIKY, HE 3HWXKYHUYU NOMi-
THO ra3ornpoHUKHOCTI NOro B Linomy. Tomy BMfvB nons
B JaHOMYy BUNagKy MopiBHAHO Hesenukun. Lli x npo-
uecu, MpoTikalun y Mexax LWoAO0 BEeNUKUX 3epeH
pyaun, 3abe3nevyloTb XOPOLUMIN 3aXUCT KOXKHOMO 3 HUX
Bifj OKUCIIEHHS, 3YMOBJIHOIOYN BUCOKY €(EeKTUBHICTb
EMI (puc. 12, a i 6).
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Puc. 12. JiamemparbHuli po3spis okucrneHoi npu 473 K 3epeH 6azamoi pydu, nonepedHbo 8iOHO81EHOI

npu 873 K: a) noza mazHimHUM rionem;

6) 8 mazHim+omy rosi; 6ini ainaHkn — Fe203, TeMHi — Fes0a

Brnnue goGaBok conen nyxHWX MeTaniB Ha OKMC-
NoBaHICTb 3ariza Moxe 0yTy NoB'si3aHWI 3 iX BNIIMBOM
Ha BigHOBMOBaNbHWI Mpouec. 30kpema, Xropua Ka-
nito CNpuse KpUCTanoxiMiYHUM NEePETBOPEHHSIM OKCU-
AiB 3anisa. Tomy npoLec po3BMBaETLCS 3a Y4acTHo Be-
NYKOI KiNbKOCTI 3apoAkiB HOBOI (pa3sw, WO OAHOYACHO
yTBOpUnuca. OTpMmMaHe B TakMx yMoBax 3ani3o xapa-
KTEepPU3YETLCS BMCOKOIO AVCMEPCHICTIO Ta, BiANOBIAHO,
okucntoBaHicTio. Cnig Takox MaTtu Ha yBasi, Wwo aede-
KTHICTb KpUCTamniYHMX PELLITOK OKcuAiB, 00yMOBreHa
BMPOBaMKEHHSIM iOHIB K*, MOXe neBHOI Mipoto 30epi-
ratucs B MeTaneBoMy NPOAYKTi, NOBIAOMASOYN NOMY
nigBuLLEeHy peakuiinHy 34aTHICTb Yy B3aemopii 3 BOA-
HeM. 3asHaveHun edpekT 3pocTae 3i 30iNbLIEHHAM Ki-
nbkocTi KCl 'y wimnxi.

IHriGytoun Agii xnopmay niTito B NpoLECi OKUCIIEHHSA
TakoX MoXe OyTu 3ymMOBreHa Moro BrfMBOM Ha KpUC-
TanoxiMmivHi NepeTBOpPeHHs Mpu BiAHOBNEHHI. K 3a-
3Havanocs, LiCl ycknagHioe naHky XiMiyHOI peakuii
BiAHOBMEHHS. ToMy Mmpouec NoYnMHaeTbes 3 obmexe-
HOIO KiNbKIiCTIO 3apoakiB HOBOI dha3n. MeTanesun npo-
OYKT YTBOPKETLCA MOPIBHAHO BEMUKOAUCNEPCHUM i
NacUBHILLMM WOA0 KNCHIO. [ledheKTHICTb KpucTanivyHoi
pewiTkn 3aniza, MabyTb, HeBenvka i, MMOBIPHO, He
rpae BupillansHoI porii.

BoueBwnab, nogibHui xapakTtep Bnnvey LiCl Ha oku-
CNIOBaHICTb 3ari3a Mae Mmicue Yy BigHOBIEHHI 3ani3opy-
OHWX MaTepianiB 3a y4yacTio ByrfeL, xoda B LbOMYy
BMNaaKy edeKkTMBHICTb AoBaBKku He BUCOKa, MPOTK 3a
BiOJHOBMEHHsM  rasamu. OpHak  ©Ge3nepeyvHoro

nepeBaroo € Te, WO 0AHOYAaCHO BigbyBaETbCA IHTEH-
cudbikauia npouecy.

Cnig 3a3HaunTi, WO He BUKMIOYEHA MOXIMMUBICTb
snnmBy KCI ta LiCl y xoai camoro okucneHHsi. Hese-
NVKi 3anuWLLKOBI KiNbKOCTI J06aBOK MOXYTb BNpoOBa-
[pKyBaTUCA B PELLiTKy oKcuay, O YTBOPHOETLCH, 3Mi-
HIOKO4YM NPU LUbOMY LIBUAKICTb npouecy. 3okpema Lit
MOXXE 3anOBHIOBATWU KaTiOHHI BakaHCii Ta BNpOBamKy-
BaTUCA Yy MDKBY3Mi, yCKNaaHw4YM andysito ioHiB 3a-
nisa y npouec okvucneHHs 3aranom; K*, HaBnaku, Bu-
KIVKa€e YyTBOPEHHSA HOBMX BaKaHCIil, MONEeryymn oku-
CneHHs [22].

BucHoBku

EMI, wo HaknageHe Ha npouec BiAHOBIEHHS,
BMMMBAE Ha OKUCIEHICTb MeTaneBoro NpoayKTy rono-
BHUM YMHOM Ha 3aBepLUanbHOMy eTani peakuil.

PesynbTat gocnifjkeHHA nokasanu, Lo BigHOB-
neHHsa npu 873 K i Binblw BUCOKMX TeMnepaTypax 3a-
Besneuye OTPYMaHHS MeTani3oBaHOro NPOAYKTY, SKMN
Hkye 473 K npakTuyHO He pearye 3 KUCHEM MNOBITPS.

BeeneHHs B WwnxTy KCI Ta iHWKX iHTeHcudikaTopis
BiAHOBIIOBaNbLHOro npoLecy 3MiHe Tok, Y NOPIBHAHO
BY3bKUX MeXaXx.

Mo3ntmeHun Bnnue EMI npn BUKOPUCTaHHI 3epHK-
CTOI LUMXTW CUIBHILLWIA, HK NPV BiQHOBMEHHI NOPOLL-
KiB.

OxkucritoBaHicTb 3anisa MOXHa perynoBaTtu Bapito-
BaHHAM TeMrnepaTypu BifHOBMEHHA Ta CKIagoM raso-
BOrO MOTOKY.
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Obtaining sponge iron in a rotary shaft furnace using Inmetco
technology with combined sintering and metallisation processes
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OTpuMaHHA ry04yacToro 3aJjiza B 00epToBiil axXTHIN meyi 3a
TexXHoJI0rier Inmetco 3 KOMOIHOBAHUMU MPOLECAMHU CHIKAHHS
Ta MeTaJi3amii

AHomauis. 3 JucneHHux npouecie 6e3 Kokcogoi Memarnypeii, supobHuymeo 2yb4acmoeo 3aniza 3apa3 00csi2/10 €8020
Haubinbwoeao npomucio8020 po3sumky. [pu4YUHO Ub020 PO38UMKY cmarna MOXI/Iugicmb opa2aHidysamu eupobHULUMEo
BUCOKOSIKICHO20 Memarly 3a makoK CXeMOK: mexHosiozeis nepepobku OpibHoducrnepcHux 8idxodie 0oOMeHHO20 ma cma-
nennasunbHo20 8upobHuUymea 8 pyOHO-8Yy2irnbHi KOMMO3UMHI KOMyHU, IX KanbyuHauis ma memanizayisi Ha Kinbuesid
kamepi [BI1; sukopucmarHs uiei mexHonoaii  npoyecax INMETCO, FastMet ma DRYlron. Y uiti cmammi 06rpyHmogaHo
yMo8U ompumaHHs1 2yb4acmoeo 3anisa 8 [1Bl1-neuyi (pomopHit nodositl neyi). Memotro uiei pobomu € ekcriepumeHmarsbHe
docridxeHHs1 npouyecy ompumaHHs 2yb4acmoeo 3aniza WiissxoM noedHaHHs CriikaHHs ma mMmemanisauii pyOHO-8y2iribHUX
KOMIMO3UMHUX KOMYyHi8 y pomopHiti nodositi neyi. Memodu docnidxeHHs: XiMidHUU aHasnis ompuMaHux KOmyHis, 8u3Ha-
YeHHs1 3a2arilbHO20 ma Memasego20 3ari3a, 3a/lulKo8020 8yar1eyto, WI1aKkoymeoproyux KoMnoHeHmie. MamepianbHul
ma mennosutli banaHc npouecy memarnisauji, po3paxyHoK rnumomMoi sumpamu eHepeil ma ausHa4YeHHs1 empam mernsna o
30Hax nedyi.

Knroyoei cnioea: dpibHodOucriepcHi 8idxo0u, pydHo-8yainbHi komrnosumu, rid [1Bl1, 2ybyacme 3ani3o.

Abstract. Of the numerous processes without coke metallurgy, sponge iron production has now reached its greatest
industrial development. The reason for this development was the possibility to organise the production of high-quality
metal according to the following scheme: technology for processing finely dispersed waste from blast furnace and
steelmaking production into ore-coal composite pellets, their calcination and metallisation on a PVP ring chamber calciner;
use of this technology in the INMETCO, FastMet, and DRYIron processes. This article substantiates the conditions for
obtaining sponge iron in a PVP furnace (rotary hearth furnace). The aim of this work is to experimentally study the process
of obtaining sponge iron by combining sintering and metallisation of ore-coal composite pellets in a rotary hearth furnace.
Research methods: chemical analysis of the obtained pellets, determination of total and metallic iron, residual carbon,
slag-forming components. Material and heat balance of the metallisation process, calculation of specific energy consump-

tion and determination of heat losses by furnace zones.

Keywords: finely dispersed waste, ore-coal composites, PVP furnace, sponge iron.

1. Introduction

The blast furnace (BF) continues to be the main re-
actor for the production of iron due to its high produc-
tivity and thermal efficiency. However, it requires a
minimum amount of coke and a high-quality iron ore
charge. The presence of coking coal, coke plant, sin-
tering plant is mandatory, which is a major problem in
terms of cost and environmental pollution [1,2]. The to-
tal CO2 emission from the blast furnace is about 2 tons
of CO2/ton of hot metal. Another important aspect is
the use of fines generated during the mining/enrich-
ment of iron ore and coal. All these factors have led to
the development of alternative routes for the produc-
tion of iron. Rotary hearth furnace (RHF) processes are
one such category of alternative routes for the produc-
tion of iron that has recently attracted significant atten-
tion [3-6].

Presently, most of the iron is produced through
blastfurnace route, which requires metallurgical coke.
Thedepletion of coking coal reserves and growing en-
viron-mental concerns have motivated researchers to

search forcoke-free iron ore reduction processes lead-
ing to alterna-tive routes of iron making. One class of
methods is directedat the production of iron nug-
gets/sponge using iron orefines and non-coking coal
fines in the form of pellets. Thesponge/nuggets are
then smelted separately. The otherclass of methods di-
rectly produces molten iron. Severalvariants of RHF
technologies aimed at sponge/nuggetsproduction
have evolved such as Inmetco, Fastmet,Fastmelt, and
ITmk3. It is claimed that these processesreduce
CO2emission, although specific data on cases
arelacking.RHF process is a coal-based direct reduc-
tion processthat uses iron ore fines and non-coking
coal fines toproduce premium-quality sponge iron or
iron nuggets

The globalisation of the world economy has had a
major impact on the ferrous metallurgy industry and
continues to influence this sector. This industry is un-
dergoing significant structural transformation. During
the 1990s and 2000s, these changes were character-
ised by the development of new concepts in steel
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production (e.g. mini-electric steelworks, new concepts
for electric arc furnaces, new casting technologies and
direct reduction or recovery smelting technologies).

For the first time on an industrial scale, INMETCO
introduced a new continuous metallisation process [2]
for RHF iron ore pellets. The basics of the RHF rotary
hearth furnace process are well known: raw pellets are
obtained from a charge consisting of iron-bearing pel-
lets and carbon in appropriate proportions for their met-
allisation [2-5].

A distinctive feature of the process is the loading of
a thin layer of pellets onto the furnace floor, which are
heated by radiation from a high-temperature torch
burning directly above the layer. This ensures that the
pellets are heated and almost completely restored
within 6-8 minutes. The rotary furnace can be divided
into three zones. In the first zone, the pellets are
heated to 980-1000°C for 1.5-2.0 minutes by burning
the volatiles released from the coal. In the second
zone, at 1150°C, a noticeable reduction reaction takes
place. The furnace atmosphere in this zone is oxidising
with respect to iron, but the carbon monoxide released
from the pellets protects the reduced iron from oxida-
tion. In the third zone, at 1250-1320°C, the reduction is
completed. The atmosphere in this zone corresponds
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to the equilibrium for the Fe-FeO system. At high tem-
peratures, the reduced iron particles sinter, which
leads to volumetric shrinkage of the pellets and their
compaction.

The heat for reduction in the second and third
zones is released during the combustion of CO. In ad-
dition, natural gas or fuel oil. The implementation of the
counterflow principle of heating gas and pellets en-
sures full fuel utilisation. The degree of metallisation of
sponge iron is over 90%. A change in the residual car-
bon content in the metallised product from 1.5% to
10% is an integral characteristic of this process.

Loading the metallised product with a temperature
of at least 860°C into the smelting unit will significantly
reduce the consumption of electricity, electrodes and
refractories. The research results below can be used
as initial data for designing a section for the production
of metallised raw materials as part of a mini-plant [7-
15].

2. Experiments in a tube furnace.

The research was conducted in two stages. The
main elements of the technology were tested in the first
stage in a laboratory tube furnace, and in the second
stage in a semi-industrial furnace.

The following materials were used for testing in the tube furnace:

Name Fetot SiO2 CaO Al203 MgO S
Magnetite concentrate 64,1 3,2 1,9 0,8 1,1 0,01
Bentonite 3,1 64,5 1,0 17,2 3,2 <0,1
Ash 13,5 35,7 20,1 10,2 3,3 -
Name C S V A H20
Petroleum coke 94,8 2.4 4.8 0,4 11,0
Coal 48,6 0,3 37,2 14,2 55

The granulometric composition of raw materials and fuel was as follows:
% fraction, mm +1,0 +0,5 0,1 0,071 -0,071
Magnetite concentrate 0 0,2 0,2 4,6 95
Petroleum coke 0 12,2 65,9 13,6 8,3
Coal with volatile content 0,2 9,3 30,2 22,8 37,5

three batches were studied, from which raw pellets
were obtained and then reduced in a tube furnace.

Composition of raw pellets, %

Batch 1: 73% concentrate, 26% coal, 1% bentonite

Charge 2: 85% concentrate, 14% coal, 1%

bentonite Charge 3: 80% concentrate, 9.5% coal, 9.5%
petroleum coke, 1% bentonite

After high-temperature reduction, metallised pellets
with the following compos

ition were obtained:

Burning Composition of metallised pellets, %

t°C 7, min Charge C S Fett Fémet AlO3 CaO MgO SiO2
1225 15,0 1 3,3 0,1 81,1 95,6 17 35 1,6 8,5
1280 10,0 1 0,98 0,1 83,0 94,0 17 3,6 1,6 8,4
1225 15,0 2 2,0 0,4 84,5 90,2 1,2 2,1 1,3 5,6
1225 10,0 3 1,9 04 83,3 96,2 1,3 2,6 14 6,8

The experiments showed that it's basically possible
to get metallised pellets from a mix of iron ore concen-
trate and carbonaceous materials of different compo-
sitions, including iron-containing waste.

3. Experiments to determine the technical and eco-
nomic indicators of the Inmetco process were carried
out using a semi-industrial plant.

The following materials were used for these

experiments: iron ore concentrate: Fetot — 68,8%; S —
0,04%; fractions — 0,071 mm - 95%; coal: C -51,3%;
S - 0,83%; ash — 9,0%,; volatile matter — 39,7%; in coal
ash: SiO2 -62,5%; A1203 - 28.6%; CaO - 4.4%; MgO -
00.33%; fractions - 0.050 mm - 21.8%; +0.050 mm -
78.2%; bentonite: FeOb - 3.1%; SiO2 - 064.5%;
Al203 - 017.2%. Raw pellets: moisture content -
10.3%; carbon content - 19.3%; pellet size - 8 - 10 mm,
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compressive strength - 1.4 kg/p.
The experiment lasted 9 hours, of which

results of the experiment are shown in Table 1, and the
material balance is shown in Table 2.

4 hours

were identified as having the best performance. The

Table 2 Indicators of the metallisation process on a semi-industrial installation

Indicator name Average for 9 hours of work | Best 4 hours of work.
Effective bed area, m2 5,723 5,723
Carbon content in raw pellets, % 19,3 19,3
Loading rate, t/hour 50 5,0
Temperature, °C

Zone 1 1225 1225
Zone 2 1335 1335
Layer height, m 0,0172 0,0172
Specific productivity, t/m2hour 0,422 0,422
Chemical composition of the product, %

Sample No. 4 92,8 93,4
Degree of metallisation, % 5,8 5,6
Residual carbon content, %

Sample No. 5 87,8 89,1
Degree of metallisation, % 4.4 45
Residual carbon content, % 4,27 4,26

Table 3 Material balance of the metallisation process at a semi-industrial facility.

Indicator name Average for 9 hours of work Best 4 hours of work.
Zone 1

- natural gas, m3/hour 143 139

- combustion air, m3/hour 2438 2352
Zone 2

- natural gas, m3/hour 137 140

- coal on the burner, kg/hour 457 457

- combustion air, m3/hour 4041 4715
- air for coal transportation, m3/hour 292 292
Raw pellets 4,54 4,54
Material consumption, t/hour

concentrate 2,994 2,994
coal 0,953 0,953
bentonite 0,018 0,018
water 0,468 0,468
Product output t/huor 2,6 2,6

Table 3 Energy consumption

Indicator name Average for 9 hours of work Best 4 hours of work.

% GKaﬂ %

yac

Natural gas:
Zone 1 1,17 9,7 1,14 9,5
Zone 2 1,12 9,3 1,14 9,5
Coal
Burners 3,24 27,0 3,24 27,0
Pellets 6,49 54,0 6,85 54,0
total 12,02 100,0 12,01 100,0

Table 4 Energy expenditure with and without carbon accounting

Metallised product output

0,574 T/T raw pellet

Specific energy consumption

G kan

Amount of energy from carbon
remaining in the product

4,62 Gealories/tproduct

Energy consumption minus residual carbon

0,35 Gealories/tproduct

Heat losses: Gealories/tproduct

with cooling water during unloading 4,27 Gealories/tproduct/0,23
through the furnace walls 0,27

refrigerators 8,8 x 10

- with exhaust gases 1,34

-unburned components of exhaust gas 0,45
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The advantages of using sponge iron in a blast fur-
nace are reduced coke consumption (about 7% for
every 10% of metallic iron in the charge) and increased
productivity (about 8% for every 10% of metallic iron in
the charge). The blast furnace is less demanding in
terms of slag-forming content and degree of metallisa-
tion, but strict control of the content of alkalis, zinc and
other impurities in the charge is necessary.

When using sponge iron in electric arc furnaces,
higher requirements are imposed on it. The degree of
metallisation, the amount of slag-forming substances,
the sulphur content, density and strength are critical
factors that determine the productivity and quality of
the metal. Accordingly, good results can be achieved
by using iron-containing materials with a low content of
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slag-forming agents, low-ash and low-sulphur coal
and, as a result, sponge iron with a high degree of met-
allisation.

Table 5 shows the costs for the production of
sponge iron using Inmetco technology for conditions in
the USA.

Sponge iron produced in a rotary hearth furnace us-
ing Inmetco technology is the cheapest. Production
costs for a plant with a capacity of 500,000 tonnes per
year of sponge iron are approximately 60 USD per
tonne.

As a rule, in order to save energy costs, rotary
hearth furnaces are built at mini-plants or full-cycle
metallurgical plants. The capacity of one furnace is up
to 600,000 tonnes of sponge iron per year.

Table 5 Characteristics of raw materials and sponge iron for some processes

Characteristics of materials Blast furnace Electric arc furnace | Blast furnace Electric arc

Blast furnace Electric arc furnace furnace  Blast furnace
Electric arc furnace

Iron ore concentrate, iron ore by SiO2 content (%) <6 <3

Coal ash <12 <8

Arrivals (Na203) <3 kg/mre -

Arrivals of zinc <2 kg/mre -

Pellet size, mm 16-22 8-14

Degree of metallisation, % 85-82 >90

Residual carbon content, % 4-7 1,5-3,0

Compressive strength, kg/pellet >250 >200

Thus, the production of sponge iron in a rotary
hearth furnace using Inmetco technology is the most
efficient way to obtain high-metal pellets from finely

ground concentrates and various carbonaceous re-
ducing agents. Sponge iron produced using this tech-
nology is a source of primary metal for steelmaking.

Table 6 Costs for sponge iron production using Inmetco technology

Units of Consumption
Production costs measurement kgt
Raw materials:
iron-containing kg 1335
coal kg 410
bentonite kg 5
organic binder kg 5
Total: raw materials
Energy costs:
electricity kW - hour 65
natural gas m?3 60
nitrogen m?3 10
water t 0,30
Other expenses
Expenses UsbD
Repairs and spare parts Usb

Conclusions

Thus, the production of sponge iron in a rotary
hearth furnace using Inmetco technology is the most
effective way to obtain high-metal pellets from finely
ground concentrates and various carbonaceous re-
ducing agents. Sponge iron produced using this

technology is a source of primary metal for steelmaking
in the smelting of low-carbon steels and alloys. Due to
the high residual carbon content in sponge iron, there
is no need to add carbon-containing materials in the
production of high-carbon steels.
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Micue BUHAXITHUITBA AK CKJIAJA0BOI IHTEJEeKTyaIbHO—(axX0BOIro
MOTEHIiaJly HAYKOBIIB Y BAOCKOHAJIEHHI IPOMMCJIOBUX TEXHOJIOTIT
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Ivchenko 0.V.

The place of invention as a component of the intellectual and
professional potential of scientists in improving industrial technologies

Anomauyis. CyyacHull emar po3gumkKy HayKu i mexHosoaill xapakmepu3yembCsi 3pocmaroHor nompeboro y nowyky
HOBUX piwieHb, Wo 3abesnedyyoms Mi08UUWEHHST egheKmu8HOCMIi NPOMUC/I08020 8UPObHUUMEa, U020 eKOMo2idyHIiCMb,
eHepzoowadHicmb, pauyioHasibHe 8UKOPUCMaHHS Pecypcie MiHeparbHOI CUPOBUHU ma KOHKYPEeHMOCPOMOXHICMb. Y
UbOMY KOHMeKCcmi ocobnugozo 3Ha4YeHHs1 Habysae 8UHaXIOHULMEO SiK NPOsi8 iHMeneKkmyanbHO-ghaxo8oeo rnomeHujarny
HayKkosuig, 30amHo20 mpaHcghopmysamu gpyHOameHmarlbHi 3HaHHS1 y npuKnaoHi iHHosauji, o 6e3rnocepedHbo enusa-
tomb Ha 800CKOHaIIEHHSI Cy4acHUX MPOMUCITIO8UX mexHosoeil. BuHaxiOHUUYmMeo He € i30/1b08aHUM MPOYECOM — BOHO ¢ho-
pmyembcs 8 cucmemi 83aeMo0ii HayKo80-0C8iMHbLO20, 8UPOBHUYO-MEXHOM02IYHO020 ma coujaribHO-eKOHOMIYHO20 cepe-
dosuwy. Moz2o po38umok 3yMoerneHuLll HUSKOI0 YMO8 - 8i0 HaseHOCMI CripusiMmuEol HOpMamuU8HO-IPasosol ma iHcmumy-
yitiHoi 6a3u 0o cmuMy8aHHS MPOUECy Ha 8Cix emarnax lio2o Xummesgoeo Yukiy. Hapodxysamucs, sik gpopma meop4oi
disinbHOCMI, 8BUHaxiOHUUMEOo Moxe mam, Oe ui ckriadosi e3aeMolitomp y cepedosull, SKWO 80HO cmae ¢hakmopom cmu-
MYIt08aHHS 1020 BUHUKHEHHSI, CIPUSIHHS pO38UMKY ma nodasnbwoi peanizauii — 8 0C8imHb0-HayKo8oMYy rpocmopi, 8u-
POB6HUYO-MeXHO02iYHOMY cepedosuwi ma iHHogauiliHO-rpueabriueomy ekoHomidHoMy mosi. ObrpyHmoeaHo Oouyirb-
Hicmb 8u3Ha4YeHHs1 ¢haxo80o-rpoheciliHoi cknadosoi momeHyjiany ocobucmocmi sk nocepedHUKa MK 3HaHHSIMU ma
MPaKmMuKor, 8UKOPUCMaHHSI KOPUCHUX ernacmueocmeli IKOi Crpusie nepemeopro8aHHIO iHmMesiekmy ma KpeamugHocmi
Ha KOHKpemHi pe3yrbmamu rpogecitiHo - mgopyoi dignbHocmi ocobucmocmi. 5K crocib6 camosupaxeHHs, 30amHicmb
moduHu 0o 8uHaxidHUYymea 8 ceoiti OigrnbHOCMI He 3’a8515iembCs cama 1o cobi, i MoXxHa yinecrnpsamosaHo po3guHymu 3
B8UKOPUCMaHHSIM HacmyrHux 3acobie: oceimHix, mMpakmu4yHUX, MCUXO0J102iYHUX ma couyianbHo-npogeciliHux. [1oka-
3aHo, Wo npoghecitiHa cknadosa 3alivae pigHorpasHe Mmicye rnopsid i3 PO3yMOBOK ma eMOUiltiHO cKknadosumu, adxe
came 8oHa 3abesrneyye rnpakmuyHe 3acmocysaHHs 080X iHWUX y cghepi mpydoesoi disibHOCMIi ma camopearnizauii 8 Ha-
yKoeili disinbHocmi. B docnidxeHi sukopucmaHo aHanimuko-oe1s008i Memodu OOCiOKEHHST yMO8 PO38UMKY 8UHaXIOHU-
umea 8 HarnpsiMKy yOOCKOHaneHHs MemarypeailiHux npouecis, 3 akuyeHmyeaHHsIM ix Qi3uKo-XiMiYHOI cymHocmi ma crpsi-
mosaHocmi. [Toka3aHo, Wo HisentosaHHs poni ocobnusocmel mpaHcgopmauii enacmusocmel ¢hisuko-ximivyHo20 nome-
Huiany o6’ekmy/npouecy O0COKEHHSI 3HUXYE SIK HayKo8Y UiHHICMb, makK i He CrpuUsie 8U3HAYEHHIO CrIEKmMpy peasbHUX
pyHKUioHanbHUX Moxnueocmed ix nepemeopeHHsi. Memoto docnidxeHHs € 0brpyHmyeaHHs1 hakmopie eriugy, 308Hill-
HiX ma 8HympiWHix 3a MOXOOXEHHsIM, ma yMO8, W0 CrpUsIoMb PO38UMKY 8UHaXIOHUYMea sik meop4oi ghopmu disnbHocmi
HayKo8Usl 3 BU3HAYEHHSIM KIT0HO8UX CKI1ado8uX nomeHuiasy ocobucmocmi, Wo, 8 C80H Yepay, € yMOBOK PO3PObKU iHHO-
8aUiliHUX, KOHKYPEHMOCIPOMOXHUX pitueHb. OcmaHHi cripOMOXHI binbw pauioHanbHO supiwysamu rpobriemMu eHepeo-
echekmusHocmi, 36epexeHHs pecypcie MiHepabHOI CUPOBUHU, eHepaii ma cymmeso20 3MEeHWEHHS 8mpam KOPUCHUX
erracmusocmeli nomeHujany HasKkoMuUWHL020 cepedosuwya. Brnepwe, meopemuyHo 0brpyHmosaHo, wo ¢haxoeo-npo-
¢peciliHa cknadosa (DP1C) e mpemboro ma K/o4080K0 CK1ados8or nomeHuiaay ocobucmocmi, nopsid i3 po3yMosor ma
emoujiliHow. IcHyromb npauj, pe3yrnbmamu sIKUX, 8U3Ha4YeHi ix asmopamu, 611U3bKO OKPECITHOMb POrb MPOgECiliHo2o Yu
¢haxos020 rmomeHujiany 8 cmpyKkmypi 0cob6UCMICHO20 PO38UMKY. IX MiOX00U, WO 8UKOPUCMAHO MPU 8U3HAYeHHI cknady
ma pori ghakmopig ernusy, orocepedkosaHo, nidmeepdxyoms 8a2oMiCMb ¢haxo8020 KOMIOHEHMa came 5K CKI1adoeoi,
wo 3abesneuyye npoghecitiHy, meopyy camopearnisaujto ocobucmocmi i y suHaxiOHUUbKil OisinibHocmi. Ane npsiMoi 3eadku
rpo moderb-mpiady «po3ymosa — eMouitiHa — ¢haxogo-ripoghecitiHa» cknadosi iHmenekmy ocobucmocmi docnioHUKamu
He 3HalideHo. BuHaxiOHuuymeo, 3aliMaioyu ueHmparbHO-iHmeepamusHe Micye ceped ¢hakmopie eriugy rnoedHye ix y
€0UHy cucmeMy, cmeopIoe echeKm CUHeP2iYHO20 MPUCKOPEHHSI pO38UMKY HayKu U mexHosoeill, nepegodsiyu iHmersnek-
myarbHO - ghaxosull momeHujan Cycrifibcmea y KOHKpemHi iHHogauiliHi pe3yrnbmamu Ha npakmuui.

Knro4doei cnosa: suHaxioHuymeo, ghaxosuti momenuiarn, iHHosauitHUl pe3yrnbmam, ghaxogo-npogpecitiHa cknadosa, ro-
meHuian ocobucmocmi.

Abstract. The current stage of development of science and technology is characterized by a growing need to find new
solutions that ensure increased efficiency of industrial production, its environmental friendliness, energy saving, rational
use of mineral resources and competitiveness. In this context, invention is of particular importance as a manifestation of
the intellectual and professional potential of scientists, capable of transforming fundamental knowledge into applied
innovations that directly affect the improvement of modern industrial technologies. Invention is not an isolated process - it
is formed in the system of interaction of scientific and educational, production and technological and socio-economic
environments. Its development is conditioned by a number of conditions - from the presence of a favorable regulatory and
institutional framework to stimulating the process at all stages of its life cycle. Invention, as a form of creative activity, can
be born where these components interact in the environment, if it becomes a factor stimulating its emergence, promoting
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development and further implementation - in the educational and scientific space, the production and technological
environment, and the innovative and attractive economic field. The expediency of defining the professional component of
the potential of the individual as a mediator between knowledge and practice Vanyukov A.A., Kamkina L.V., Myanovskaya
Y.V., Kovalyov M.D., Tsibulya E.V., Chumak D.D., the use of useful properties of which contributes to the transformation
of intelligence and creativity into specific results of the professional and creative activity of the individual, is substantiated.
As a way of self-expression, a person's ability to invent in his activity does not appear by itself, it can be purposefully
developed using the following means: educational, practical, psychological and socio-professional. It is shown that the
professional component occupies an equal place alongside the mental and emotional components, because it is it that
ensures the practical application of the other two in the field of labor activity and self-realization in scientific activity. The
study used analytical and survey methods to study the conditions for the development of invention in the direction of
improving metallurgical processes, with an emphasis on their physical and chemical nature and orientation. It is shown
that leveling the role of the features of the transformation of the properties of the physicochemical potential of the
object/process of research reduces both the scientific value and does not contribute to determining the spectrum of real
functional possibilities of their transformation. The purpose of the study is to substantiate the factors of influence, external
and internal in origin, and the conditions that contribute to the development of invention as a creative form of activity of a
scientist with the definition of key components of the potential of the individual, which, in turn, is a condition for the
development of innovative, competitive solutions. The latter are able to more rationally solve the problems of energy
efficiency, conservation of mineral resources, energy and a significant reduction in the loss of useful properties of the
environmental potential. For the first time, it is theoretically substantiated that the professional component is the third and
key component of the potential of the individual, along with the mental and emotional. There are works, the results of
which, determined by their authors, closely outline the role of professional or professional potential in the structure of
personal development. Their approaches, used in determining the composition and role of factors of influence, indirectly
confirm the importance of the professional component precisely as a component that ensures professional, creative self-
realization of the individual and in inventive activity. But researchers have not found a direct mention of the model-triad
"mental - emotional - professional-professional" components of the intelligence of the individual. Invention, occupying a
central-integrative place among the factors of influence, combines them into a single system, creates the effect of
synergistic acceleration of the development of science and technology, translating the intellectual - professional potential

of society into specific innovative results in practice.

Keywords: ingenuity, professional potential, innovative result, professional component, personal potential.

Introduction.

The modern development of industrial technologies
increasingly depends on the level of intellectual and
professional potential of scientists, among the key
components of which invention occupies a special
place. It acts not only as a tool for generating new
ideas, but also as a catalyst for creating innovative
technological solutions that can ensure the
competitiveness of production in the conditions of the
global economy. Inventive activity reflects the
synthesis of knowledge, professional competencies
and creativity, transforming scientific and technological
progress into practical results that contribute to the
improvement of industrial processes, increasing the
level of rational use of their resource base and
reducing the negative impact on the environment.

The process of forming inventive activity occurs
within the framework of the complex interaction of the
system of the scientific and educational environment,
production and technological complexes and socio-
economic factors. Education and science provide
training of qualified personnel and generation of new
knowledge, industry forms a demand for innovative
solutions, and socio-economic conditions determine
real opportunities for the commercialization of
inventions. In this context, the relationship with
business is important: it is the business environment
that becomes the leading platform for testing,
implementing and scaling new technologies, acting as
a partner in technology transfer, an investor in
innovation and the ultimate beneficiary of the results of
inventive activity. At the same time, cooperation
between science and business provides a two-way
effect: scientists gain access to resources, and
enterprises gain access to original solutions, which
creates a synergy of intellectual capital development
and economic growth.
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Thus, the study of the place, role and conditions for
the development of invention as a component of the
intellectual and professional potential of scientists is an
urgent task of modern science and practice. Its results
will allow us to determine the optimal mechanisms for
integrating scientific and technical creativity into
production processes, strengthen the partnership
between science and business, and lay the foundation
for creating an innovation-oriented model of industrial
development.

Analysis of the results of the influence of
factors of internal and external origin on the state
and role of invention as a factor contributing to the
enrichment of scientific knowledge, the
development and improvement of metallurgical
technologies. The result of using the potential of
scientific research, both fundamental and applied, is
the development of innovative technologies. An
important condition for the effective implementation of
their results is inventive activity - a component of the
intellectual and professional potential of scientists,
which is the basis for the development of effective
technological solutions. Invention is also one of the
important factors influencing the development of
scientific areas and the state of modern industrial
technologies. Its place is expedient to define as a
transformative link between scientific knowledge and
its practical implementation in the form of new
technologies, materials, processes or their products. If
fundamental science creates knowledge, mainly of a
theoretical nature, and the technological factor
provides a technical basis, then it is invention that
allows this knowledge to take an applied form and
launch the mechanism of technological transformation,
which is the logical conclusion of the process of
integrating science and technology.



Regarding the importance of invention, its role
among the factors of development of science and
technology, it should be noted that its implementation
as a creative process:

- ensures the transformation of intellectual potential
into real technological and economic achievements;

- acts as a catalyst for the emergence of a source
of synergy between various factors (science «
economy « technology < ecology « information), the
effects of which contribute to the implementation of
processes in a given direction with the expected
results;

- creates the basis for the competitiveness of
technologies, products of their implementation and
sustainable development of society, economic
security, sustainable development of production in
general.

The primary source of the emergence of invention,
with high probability, is the combination of three
components of human potential: intellectual (scientific
knowledge, creative thinking); professional and
technical (mastery of tools, technologies, methods);
socio-economic (market needs, challenges of society,
limitations of mineral raw materials and energy
resources). As a form of creative activity, invention can
be born where these components interact in the
environment, if it becomes a factor stimulating its
emergence, promoting development and
implementation - in the educational and scientific
space, the production and technological environment
and the innovative and economic field.

This creative process, obviously, does not operate
in isolation, invention is a node in the system of
interaction of influencing factors. Synergy, the source
of which is the mutual influence of factors, arises when
the action of each factor is enhanced by interaction
with others. As a result, positive effects arise that bring
the process closer to the expected result. To increase
the level of informativeness regarding their
relationships, it is advisable to present this process in
the form of a chain of positive effects of synergy:

- scientific and educational factor - generates
knowledge, forms personnel, creates a theoretical
basis for the emergence of invention and becomes the
primary source of accumulation of practical skills;

- technological - research factor - provides technical
opportunities for the implementation of ideas in the
experiment and their implementation in practice;

- economic factor - creates incentives, investments,
market demand for innovative technological solutions;

- information factor - accelerates the spread of
knowledge, ensures communication and their digital
transformation;

- environmental factor - sets criteria for sustainable
development, forms new restrictions and priorities for
inventions;

- inventive factor - integrates all previous synergy
effects, transforming knowledge and needs of the
economy into new solutions. The latter, through a
reverse impulse, launch another reverse cycle of
development - scientific and technological
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breakthrough. As a result, new science, technologies,
and economics are created.

Schematically, the sequence of effects of invention
as a creative process can be depicted by the following
simplified scheme: “scientific and educational —
technological — economic — informational —
environmental — inventive”, the implementation of
which creates a reverse impulse for the development
of all previous ones. Thus, invention occupies a central
and integrative place among the factors of influence: it
not only combines them into a single system, but also
creates the effect of synergistic acceleration of the
development of science and technology, translating
the intellectual and professional potential of society
into specific innovative results. And the main task of
the state and the Ukrainian National Office of
Intellectual Property and Innovations (UKRNOIVI) in
solving this problem is to create institutional tools that
will help citizens realize their innovative potential [1]. It
also includes the protection of rights to intellectual
property objects and promoting the introduction of new
technologies into business.

The main directions of scientific and technical
development (S&T) of the main branches of industry
were formed under the influence of economic,
technological, environmental, social and other factors
of both internal and external origin. Obviously, they
became the source of the formation of their scientific
and technical potential. The feedback scheme in the
system "influence factors < directions of scientific and
technical progress (STP)" in the form of a structural
diagram is given in Fig. 1.

Let us analyze in more detail the factors of
influence, formed into groups according to the main,
specific for them, features, on the current state and
prospects for further development of STP using
examples in Table 1.

The main feature of the relationship of influencing
factors (Table 1) is to determine their mutual influence
and integration, which becomes the source of the
emergence of innovative technologies - the basis of the
economic security of an enterprise, industry, state.

For a more complete understanding of the
spectrum of functional purpose of intelligence,
determining its capabilities in solving problems of
improving technological processes, we will determine
the features of its components regarding their rational
application.

The mental component, which is manifested in the
ability to think, analyze, create, learn, forms the
intellectual basis on which a person builds knowledge
and makes decisions [4].

The emotional component determines the level of
emotional intelligence: the ability to manage one’s own
emotions, empathize with others, and build
relationships with them [5]. Therefore, it is the basis of
social interaction and stress resistance, determining
the level of socialization of the individual in society. The
professional (professional) component is
characterized by the level of integration of acquired
knowledge, skills, and experience that a person
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receives in the process of learning and professional
activity. It plays the role of a practical tool that allows
mental and emotional resources to be implemented in
a specific area — from science and technology to art
and enterprise personnel management. Thus, we
determine that the professional component (FPS) is

Socio-political-legal

Scientific and educational

the third and key pillar of the individual's potential,
along with the mental and emotional — a factor that
determines the influence on the formation and its
development. A conclusion similar in essence and
meaning was indirectly made by the author of study [6].

Informational

Directions

of scientific and
/ technological progress

Technological

Fig. 1. The main factors influencing the directions of scientific and technological progress

Table 1. Main groups of factors of influence on the development of STP directions

Group of factors Examples of influence

Economical

Competitive struggle, the need to reduce costs and increase productivity,
globalization of markets.

Technological

Breakthroughs in fundamental sciences (physics, chemistry, physical
chemistry, computer science), the emergence of new innovative
technologies.

Environmental

Strengthening environmental legislation, climate challenges, the need to
reduce the carbon footprint.

Social

Growing demands for quality of life, urbanization, demographic changes,
labor shortage in high-tech sectors of the economy.

Political and legal

State innovation support programs, international standards, patent law,
compliance, trade restrictions, sanctions.

Scientific and educational

Development of STEM education, international scientific cooperation, startup
incubators and technology parks [2, 3].

Informational

Rapid exchange of knowledge thanks to the Internet, open access to
scientific data, development of collective research platforms.

Human (personal)

Formation of the components of intelligence: mental (IQ), emotional (EQ)
and professional (PC - professional component).

In open scientific sources, we were unable to find
an exact formulation of such a conclusion, therefore,
the definition of the professional component (PCC) as
the third, which is probably a key component of the
personality potential, along with the mental and
emotional, is the result of the authors' analytical
research. However, there are works, the results of
which closely outline the role of professional or
professional potential in the structure of personal
development. These approaches used in [6] confirm
the importance of the professional component
precisely as a component that ensures professional
self-realization of the individual, in our opinion, also in
inventive activity. But no direct mention of the model-
triad "mental - emotional - professional-professional”
components of the personality's intelligence was found
in this study.

The generalization, integration or synthesis of
several theoretical concepts, namely emotional
intelligence (El) as an important component of
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personal potential, cognitive (mental) resources and
professional competence, allows the implementation
of these resources in inventive activity. Such concepts
are obviously often found in the psychology of
professional development, but the issue of determining
the independence of the components of the integral
potential or their equivalent trinity requires finding
compromise solutions through further research.

The place and role of the FPS should be defined as
a mediator between knowledge and practice, which
transforms intelligence and creativity into specific
results of the professional and creative activity of the
individual. It is through professional activity that a
person contributes to the results of joint work,
therefore, the level of qualitative development of the
FPS is an indicator of its value for society and an
integrator that can combine mental abilities and
emotional competence in the ability of a person (team)
to act responsibly and effectively.



As a generalized conclusion based on the research
results, it should be noted that the mental and
emotional components create potential, and the
professional component is a path (channel) for the
rational and effective realization of the intellectual
potential of the individual, and together they make
human potential socially and economically significant.
Obviously, without this component, a person's
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professional and emotional remain
unrealized.

Based on the analysis of the essence and role of
the main components of the potential of the individual,
the place of the professional component along with the
mental and emotional components has been

determined, which is given in Table 2.

maturity  will

Table 2. The triad of components of the potential of the individual, their essence, role, and relationships

Component  of

human potential Essence

Main role

Provides the ability to think, learn, solve problems, make

experience

Mental Knowledge, logic, analytical skills -
decisions
. N Determines the ability to interact with others, manage
Emotional Empathy, self-control, motivation one's own emotions
Professional Competencies, practical skills, | Implements knowledge and emotional abilities in specific

activities, shapes its effectiveness

Thus, based on the data given in the compact
scheme - the triad (Table 2), it is necessary to
determine that the professional component occupies
an equal place along with the mental and emotional
components, because it is it that ensures the practical

application of the other two in the field of labor activity
and self-realization in scientific activity. A visual
representation of the triad in the form of a triangle with
equal components is given in Fig. 2.

Figure 2 - The triad of components of individual potential as a condition for the success of its implementation

Thus, mental - provides analysis, logic, knowledge,
intellectual base; emotional - is responsible for
motivation, resistance to stress, interpersonal
relationships; professional - practical application of
knowledge and emotions in the field of work, self-
realization, creating a result. Each component, like the
vertex of the triangle, is equally important, therefore,
the true power of human intelligence is revealed in the
interaction of these three components, which form the
components of the intellectual potential of every
conscious Ukrainian.

Regarding the importance of emotional intelligence
in overcoming the path to "SUCCESS", according to
[7], it should be noted that mental development
together with emotional (IQ + EQ) is a useful tool for
increasing the level of creativity and efficiency of
activity as the ability to solve problems in business and
generate valuable ideas. Thus, the level of mental
intelligence is useful for scientists conducting research,
analyzing large arrays of experimental data. Emotional
intelligence is responsible for intuition, creativity and
empathy. According to the authors, it is more

subjective, helps in teamwork when performing
interconnected operations, for example, the main
stages of metallurgical production.

Analysis of the means that contribute to the
formation of a person's intelligence, in the field of his
professional activity, the ability to invent, made it
possible to determine that it does not appear by itself -
it can be purposefully developed using educational,
practical, psychological, socio-professional means,
through systematic training in logic, critical thinking,
methods of scientific knowledge; acquaintance with
the history of inventions and their impact on scientific
and technological progress. At the same time, the
condition for its formation is the analysis of mistakes,
successes of inventors with the determination of the
sources of their occurrence by developing creativity
through modeling, business games, experiments,
thinking outside the box. An important means should
also be recognized as working in a team with
specialists from different fields, scientific directions;
participation in competitions, startups, engineering
projects, where there is space for practical testing of
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ideas with the determination of the level of their value
and prospects for implementation.

Considering the need for every person in scientific,
production and everyday life to rationally use raw
materials, fuel, energy, equipment and other
resources, let's analyze the reality and feasibility of the
slogan we have defined: "You may not become an
inventor, but you must become a rationalizer."

The use of certain means in the system "inventor
< rationalizer" can be effective for the formation of the
ability to invent in the human intellect. At the same
time, the slogan "You may not become an inventor, but
you must become a rationalizer" has a deep meaning,
because invention is the creation of something
fundamentally new, which requires a high level of
creativity, scientific training, time and appropriate
resources. This is the path of units. Rationalization is a
creative search for ways to more effectively use
existing resources: raw materials, energy, equipment,
working time. This is a task that every employee can
do, even in everyday life. It is also necessary to note

that rationalization is a basic competence of a modern
person. It fosters an economical attitude to resources,
environmental responsibility and at the same time
promotes the development of inventive skills. The one
who has learned to rationalize creates the basis for
further inventions and discoveries. Therefore, in our
opinion, this motto is very apt and timely, because it
makes invention a matter of choice, and rationalization
a necessity. In a world where resources are limited, the
ability to use them rationally should become a habit of
every person, regardless of their profession. Invention
is a matter of personal choice, and rationalization is a
necessity, therefore, in a world where resources are
limited, the ability to use them rationally should
become a habit of every person, regardless of their
profession or field of activity.

In order to determine the differences in the levels of
creative activity in the system "inventor — rationalizer
— household user", the data of Table 3 were formed,
which gives their characteristics with a definition of the
role in professional activity.

Table 3. Comparison of the levels of creative activity in the system "inventor — rationalizer — household user"

Level Characteristic Role in the activity
Creates new fundamentally original | Provides scientific and
Inventor ideas, technologies, methods, | technological breakthrough, forms
devices the basis of future industries
. . Improves existing tools, processes, | Increases efficiency, resource
Rationalizer .
and methods savings, ease of use
. o Realizes practical benefits,
Uses ready-made solutions in his life | . . . ;
Household user introduces innovations into
and work :
everyday life

The influence of the factors identified as the main
ones is manifested:

- economic - through stimulating the development
and implementation of automation, increasing energy
efficiency and resource conservation in the
implementation of production processes and their
digitalization to reduce resource costs for the
production of relevant products;

- technological - through innovative breakthroughs
opening up new areas, such as additive manufacturing
or the use of artificial intelligence;

- environmental - through relevant requirements
accelerating the development and application of
“clean" technologies and renewable energy.

In modern conditions, the directions of
development of STP are becoming more and more
dependent on the interests, laws of business
development, which as factors of influence, are
becoming more and more decisive for its activities.
Therefore, one of the effective instruments of influence
of state institutions is the creation of conditions that will
allow balancing relations in the system "business «
STP « state" as conditions for sustainable
development of industry, economic security of its
industries, enterprises. As a result, business, in the
absence of any influence and control from the state
institutions of its side, will always defend, regardless of
the conditions of development, the position of the state,
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first of all, its own interests, guided by the laws of
business development in a market environment. The
motto "your business - your problems" should also
have no place in the interaction of the state and
business. And fruitful interaction of the state and
business in the interests of both parties is an important
condition for their economic security and sustainable
development in changing environmental conditions.

The results of the systematic analysis of the main
directions of scientific and technological progress as a
criterion for determining the features and directions of
improvement of industrial technologies are given
below in Table 4.

In fact, the industrial Internet of Things [7] is the
“nervous system” of modern production, which allows
obtaining information about the state of machines,
energy consumption, product quality and other
parameters of processes and mechanisms in real time.
To the main areas given in Table 4, it is advisable to
add transport and logistics innovations; cybersecurity,
the use of functional components of compliance,
protection of “know-how” data, etc.

An effective technology is the use of atrtificial
intelligence, created by the efforts of the integrated
potential of the individual, to improve the efficiency of
existing enterprises. The study [11] identifies areas for
the effective implementation of artificial intelligence in
various areas: in business, in the financial, banking



sectors, industry, marketing, and others. The authors
studied examples of the implementation of artificial
intelligence technologies by leading world companies
in various sectors of the world economy, its various
methods and technologies. The high relevance of this
area of research was found, especially in times of rapid
development of new technologies, when the
experience of leading world companies shows that the
development of artificial inteligence and its
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implementation contributes to improving the efficiency
of enterprises, accelerating development and
increasing profits. It is noted that today Al technologies
create new opportunities for enterprises and give them
broad powers in various industries, because each
process in which Al is implemented optimizes costs,
which ultimately has a positive effect on overall
financial indicators.

Table 4. Results of the systematic analysis of the main directions of scientific and technological progress

Direction

Essence and examples

Automation and robotization of production

Introduction of industrial robots, automatic lines, CNC systems; use
of the Industrial Internet of Things lloT in production environments [8].
This is a network of industrial sensors and systems that provides data
collection, processing and analysis for optimizing industrial processes.
The role of lloT is to create a “smart production” that is based on data
and is able to increase energy efficiency, reduce costs, improve quality
and safety, and ensure the adaptability of the enterprise to changing
conditions. A feasible function of lloT platforms can be to use data on the
physical and chemical characteristics of the relevant technologies as a

basis for analytics and rational decision-making.

Digitalization and artificial intelligence

Using large arrays of source data (scientific forecast, experiment,
practice), neural networks for process optimization, forecasting and
management [9].

Innovative materials, technologies
potential.

Development of
materials [10].
Development of technologies using useful components of hydrogen

Import substitution of resource base materials.

nanomaterials, composites, biomass-based

Energy and

conservation

efficiency resource

Renewable energy: solar and wind installations, regeneration of the
useful properties of hydrogen potential, utilization of secondary energy
from processes.

Environmentally friendly technologies

Emission reduction CO2/CO/NOx/SOx; recycling of technogenic
waste using secondary energy and raw materials - components of their
resource potential; closed water circulation systems and low-waste
technologies.

Let's move on to the next stage of the study -
determining the main components of modern business
intelligence, their detailed consideration and
establishing their impact on its development. It, as a
potential of useful properties, is obviously formed by
integrating the following components, which it is
advisable to consider in the following, interrelated
planes:

- human intelligence (personal) is formed from
knowledge, experience, creativity, professional
competence of personnel and is determined by the
ability to make rational decisions, generate innovative
ideas, form corporate ethics, culture;

- organizational intelligence forms management
systems, business processes, corporate standards,
patents, knowledge bases, brands, which are
characterized by stability, even when changing the
personnel of the company/enterprise.

- information and technological intelligence forms
analytical systems, information resources, databases,
creates innovative technologies, and also determines
the most effective methods to support decision-
making;

- analytical intelligence allows businesses to
convert input data into knowledge and make strategic

decisions.

As for any type of human activity, it is advisable to
consider human intelligence as the most important in
business. It is people who create innovative
technologies through inventive activity, form business
models, determine strategies and tactics for further
activity. The most modern information systems remain
tools, and their value is manifested only through a
person's ability to effectively apply them.

Human intelligence or personal intelligence in the
business environment ensures the rational use of its
useful properties in solving the following tasks:

- strategic management, which includes setting
goals, determining ways to achieve them using
competitive advantages, developing appropriate
business models;

- innovative development through the creation of
new products, services, technologies, searching for
non-standard solutions to current business problems;

- adaptation to changes through rapid response to
crises that differ in their causes, scale and
consequences of their implementation, as well as
crises related to production, sales of products, finances
and management;

- knowledge management to transform experience
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into corporate capital;

- communication and leadership, which includes
team building, motivation, and interaction with the
external environment.

Thus, the above-defined triad of components of the
potential of the individual is the basis, and the
components of the intelligence of modern business,
when examined in detail, are its derived components
of the business, the role and key tasks of which are
likely to be determined by the conditions of
development, the needs and goals of the business in a
competitive economic environment.

Analytical capabilities are identified as an important
component of business intelligence, they integrate all
the others, transforming information into knowledge,
which, in the future, are used in justifying and making
strategic decisions regarding the directions of business
development:  strategic  planning, forecasting,
assessment of conditions and consequences of the
implementation of risks [12].

Main areas of activity, tasks, methods of
achieving goals in the metallurgical business.
Business relations with state institutions, society,
attitude to the resource base of raw materials and
energy in wartime are important issues that, by
determining the main directions of scientific and
technological progress, contribute to the economic
security of the enterprise, industry, and state.
Generalized data on the main directions of activity of
the metallurgical business in wartime, including tasks,
methods, and interaction with the external
environment, are given below.

The main types of production activities of a
business of metallurgical origin should include:
production - smelting of pig iron, steel, ferroalloys,
rolled products, pipe products; innovation - search for
alternative fuels (hydrogen, biocarbon), development
of electrometallurgy, digitalization of processes; export
- ensuring supplies to foreign markets despite
restrictions and changes in logistics conditions; energy
- reducing consumption of gas, coal (carbon footprint),
electricity; use of energy generated by own generation
(hydrogen, wind, sun, water, nuclear energy); social -
support for personnel, participation in the
reconstruction of the country, preservation of jobs;
defense - production of special products for the needs
of the Armed Forces of Ukraine (armored steel,
elements of fortifications and other structures).

The main tasks of business as factors of its further
development, in modern conditions, are:

- stabilization of production in conditions of
destruction and supply disruptions;

- diversification of the raw material base (alternative
suppliers, use of scrap);

- minimization of energy consumption and increase
of energy efficiency;

- preservation of competitiveness of products in
European and world markets;

- protection of ecology and fulfillment of
requirements of the EU "green deal" (CBAM - Carbon
Border Adjustment Mechanism);
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- integration into European and global supply
chains.

The results of Ukraine's interaction with the
European Bank for Reconstruction and Development
(EBRD), presented in [13], indicate the gradual and
continuous development and deepening of these
relations, which are important for the Ukrainian
economy.

The most effective in terms of results are the
following methods and methods of achieving them in
modern conditions: technological (transition to electric
steelmaking and induction furnaces; increasing the
share of scrap metal in the charge; use of pulverized
coal fuel (PCF), biochar, hydrogen); organizational
(creation of reserve routes for the supply of mineral raw
materials, fuel and electricity), transition to
technologically flexible production (short batches,
adaptation to the customer); economic (attraction of
investments from the EBRD; public-private partnership
programs; insurance of wartime risks, etc., which
require further justification); social (safety programs for
personnel; relocation of enterprises or parts of
production; humanitarian and defense assistance).

The development of a network of small
metallurgical plants that will operate with minimal
material, energy and environmental costs as a solution
to restore the economy of Ukraine, as indicated by the
authors [14], is debatable in our opinion. The potential
and certain advantages of metallurgical plants have
not yet been exhausted. The path to their restoration is
the improvement of existing ones, the creation of
innovative technologies and equipment. By the way,
the PRC, as a successful economy that has gone from
the expansion of "micro-iron production” to the current
state of the main industries as a component of the
economy, ignore the irrational, study, improve and use
to our conditions - yes.

Let us proceed to consider the process of
evolutionary development of metallurgical
technologies with the definition of the role of invention
in it. Each step of the path of continuous improvement
of technologies was based on the use of new solutions
for the use of oxygen and stabilization of hydro-gas-
dynamic processes in the converter bath; regulation of
blast and slag melting modes, the use of innovative
refractories; vacuum steel processing, continuous
casting of billets and, currently, the use of hydrogen as
a reducing agent and fuel in DR-shaft and electric arc
steelmaking furnaces. Solving these problems has
determined the main directions of development of
ferrous metallurgy, and their consistent
implementation will allow to reduce the energy intensity
of the process and determine the directions of reducing
the consequences of the carbon footprint in the
environment [15,16].

Protection and commercialization of innovations at
enterprises of relevant industries, including
metallurgical, can be effectively carried out by:
introducing new procedures for combating violations of
intellectual property rights; promoting licensing and
technology transfer to industry; developing tools for



international patenting of Ukrainian developments.
Thus, the state, through UKRNOIVI and other
institutions, builds a chain of interconnected elements,
promoting its development: education — patenting —
protection — commercialization — integration into the
EU and world markets. This is a systemic toolkit for
realizing the innovative potential of Ukrainians.

As an important conclusion, it is necessary to
determine that all technological solutions that
contributed to the development and improvement of
steel production methods have a physicochemical
nature and orientation, which allowed, for
approximately 175 vyears, through the use of
components of scientific and technical potential, to be
able to produce about 1 billion tons per year of high-
quality steel of a wide range of functional purposes in
the world.

The optimal direction for the development of ferrous
metallurgy processes for most manufacturers in the
next 10-15 years in modern conditions may be a
hybrid model, based on the maximum modernization
of "ferrous" metallurgy (energy saving, dust and gas
purification, partial replacement of coke with
hydrogen/gas), with the gradual introduction of "green”
technologies in individual processes (electrolysis — H2
— DRI — EDP), with a gradual increase in the share
of hydrogen as the energy for its production becomes
cheaper. Thus, in the study [16], which was supported
by MIT CS3 and ExxonMobil through its membership
in MITEI, the author argues that without the
introduction of advanced "greening" technologies, the
steel sector could significantly reduce the intensity of
CO2 emissions (per unit of production) using existing
steel production technologies - by replacing coal with
gas and electricity (especially if it is produced from
renewable energy sources), using more steel scrap,
and implementing measures to improve energy
efficiency.

The main results that are directly aimed at reducing
the harmful impact of steel production on the
environment include:

- reduction of greenhouse gas emissions -
transition from coke blast furnaces to electric
steelmaking furnaces (ESF) operating on iron ore
product of direct iron reduction (DRI) plants;

- reduction of dust emissions and
carbon/nitrogen/sulfur oxides by improving gas
cleaning systems, developing coke-free processes;

- increasing the level of energy efficiency through
heat recovery (use of physical and chemical energy) of
waste gases is the introduction of closed water
exchange systems.

When justifying real production schemes for the
production of ferrous metals, it is necessary, along with
the advantages of "green" metallurgy (reduction of CO2
emissions and other environmental pollutants,
compliance with global environmental standards; long-
term reduction of dependence on fossil fuels; image
and investment  attractiveness; technological
modernization of production), to take into account its
temporary, but real in time, disadvantages and
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challenges (high cost of switching to hydrogen;
technical limitations associated with limited scale of
DRI-H2 production; energy dependence of hydrogen
production, which requires huge amounts of "green”
electricity (=3,5—-4 MWh per ton of Hz); the risk of
technological dependence on imports (equipment for
"green” metallurgy and electrolyzers are mostly
produced abroad), it is necessary to take into account
the real fact of incomplete use of the potential of
ferrous metallurgy (modern blast furnace and
converter technologies can already reduce emissions
by 20-30% due to modern equipment for dust gas
purification; partial replacement of coke with natural
gas or hydrogen; transition to pulverized coal fuel with
a smaller carbon footprint; optimization of the
component composition and granulometry of the
charge; stabilization of the properties of the
agglomerate and pellets; recovery of thermal and
chemical energy of gases, etc.).

In a state of war with Russian aggression,
metallurgy in Ukraine in 2022-2023, according to [17],
lost more than half of the metallurgical enterprises that
were destroyed. Others significantly reduced
production, lost their place in the world market and
access to the export and domestic markets. The
authors determine that in such conditions,
metallurgical enterprises of Ukraine need to solve the
problems of physical recovery, optimization of raw
material and energy costs. The authors, relying on the
fact that ~ 90% of steel is produced in the world using
the technological scheme "blast furnace - oxygen
converter”, and the blast furnace produces a product,
the use of which in the production of steel in the
converter allows minimizing energy costs due to the
rational use of the components of the potential of cast
iron (its physical heat, and the carbon contained in cast
iron), recognize that modern environmental
requirements require a reduction in the "carbon
footprint" in the production of metallurgical products,
including by reducing the production of cast iron in
blast furnaces.

The authors [18] propose to change the
environmental situation and reduce CO:2 emissions
from metallurgical production by expanding the use of
direct iron reduction (DRI) technology using hydrogen
and subsequent steel production in an electric arc
furnace. Therefore, the relationship between business
and state institutions should be built on the principles
of partnership, mutual responsibility and strategic
coordination. In their relationship, we are sure, the
motto "your business - your problems" should not take
place. Such a slogan has a more advertising or political
connotation than a business one, which encourages
interaction. In our opinion, the following factors can
serve as the basis for their formation, the features of
the impact and their main specific features should be
analyzed separately.

Indirectness of business influence on scientific
and technological progress. Thus, the metallurgical
business does not create scientific and technological
progress by itself, but only adapts the results of
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research, technological solutions and innovations that
are formed in the scientific and educational
environment and in state development programs.
Accordingly, its profits are derived from the general
level of development of science and technology.

To determine the external factors of influence that
contribute to the development of the inventive abilities
of an individual in the field of developing innovative
metallurgical technologies, it is advisable to
systematize them into several blocks according to the
main features of their origin;

1. Scientific and educational environment:

- access to modern knowledge and research
platforms (universities, scientific and research
institutes, specialized laboratories);

- international academic mobility and exchange of
experience;

- state and corporate support
(scholarships, grants, incubators of ideas).

2. Production and technological environment:

- the presence of modern research and industrial
sites for testing new technologies (pilot plants,
experimental and industrial units);

- access to digital modeling (CFD, DEM, CAD/CAE)
and industrial platforms for "smart manufacturing”
(lloT, big data in metallurgy) [19, 8], which allows,
through the systematic use of CAD/CAE, to increase
the effectiveness of training and the level of creativity
of skills, reduce the time/cost of R&D and improve the
quality of results;

- partnership with enterprises for the
implementation of the results of inventive activity.

The use of industrial platforms (lloT/Big Data):
allows, according to [20], to provide predictive
maintenance, stability of smelters, increase their
energy efficiency and safety through inventive activity
by pinching the cycle of "observation - abstract ideation
- verification. In the context of innovation and problem
solving, ideation - allows you to create new, non-
standard ideas by breaking free from traditional
thinking patterns. Successful ideation also involves not
only generation, but also effective management,
systematization and improvement of generated ideas
to identify and implement the most valuable ones.

3. Socio-economic factors:

- state policy to support innovation (tax breaks,
accelerated patenting procedure, venture financing);

- demand for innovation from the steel, alloys and
non-ferrous metallurgy market (need for "green"
technologies, energy-efficient, resource-saving and
environmentally friendly processes);

- competitive economic environment that motivates
to seek more effective solutions to maintain
competitiveness.

4. Information and communication environment:

- open access to patent databases, international
publications, scientific and technical literature;

- digital tools for collective development of ideas
(online platforms, innovation clusters, hubs);

- developed communication channels between
scientists, engineers and business (industry

programs

joint
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conferences, international exhibitions).

5. Cultural and psychological environment:

- public support and prestige of inventive activity;

- tolerance for risk and errors in the research
process;

- formation of a culture of "open innovation" - a two-
way mutual exchange of knowledge between different
institutions and companies.

State institutions, we are sure, should perform the
function of a key coordinator and investor in the field of
fundamental and applied research. It should create a
legislative framework, mechanisms for stimulating and
protecting the interests of the national manufacturer.

Thus, the success of a scientist-inventor in the field
of innovative metallurgy development depends not
only on his own mental, emotional and professional
potential (internal triad of "success" - Fig. 2), but also
on external conditions - the availability of access to
resources, a favorable innovation policy of the state,
industrial-scientific partnership, as well as socio-
cultural support for innovative activity, which make up
the external pentad of factors of external origin.

In the study, for the first time, the triad of conditions
as factors of internal origin and the influence of a
complex of external conditions, including access to
resources, a favorable innovation policy of the state,
industrial-scientific partnership, as well as socio-
cultural support for innovative activity, were
substantiated and defined. Together they constitute a
pentad of factors of external origin that ensure the
development of innovative technologies  of
metallurgical production, determining the role and
place of invention in it.

The authors of [21] consider the problems of the
development of inventive activity in scientific
institutions in Ukraine and the main barriers to this
activity. The indicators of the development of inventive
activity in scientific institutions of Ukraine, the issues of
methodological support of inventive activity;
management of this activity, the experience of
organizing inventive activity in scientific institutions are
studied. Proposals for improving and managing
inventive activity at the level of state authorities and
scientific institutions are substantiated.

Thus, the generalization of the factors of influence
and the definition of the conditions for the development
of inventiveness, consistent with the capabilities of the
components of the potential of the individual (mental,
emotional and professional) allowed us to highlight the
following sources as the main ones, contributing to
their rational implementation by substantiating
effective innovative solutions.

The need for a partnership model. Relations
between business and state institutions should be
based on:

- agreed goals: development of strategic industries,
industrial modernization, reduction of energy
consumption, greening of production;

- on a system of mutual obligations: business
invests in production modernization and efficiency
improvement, the state invests in scientific



developments, personnel training, infrastructure;

- on social responsibility: taking into account the
interests of society (ecology, employment, regional
development).

Thus, the profits of the metallurgical business
directly depend on the use of the results of scientific
and technological progress, therefore relations with
state institutions should be based on partnership, joint
responsibility and coordination of the interests of
science, business and society. And the development
of scientific knowledge about the physicochemical
essence of processes, as objects of research, with the
aim of their improvement is a continuous, objective in
terms of sources of origin and logical in terms of the
consequences of implementation, process. The main
requirement for the practical implementation of the
acquired scientific and practical knowledge in the form
of a formed life cycle of a process/production method
or one of its stages is their compliance with the main
features of the invention, with the achievement of
significant positive effects, which become sources of
increasing levels of energy efficiency, resource
conservation, environmental friendliness, productivity,
product quality, etc., indicators important for the
competitiveness of the process.

The superficial level of knowledge about the
physicochemical essence of modern processes of
production of cast iron and steel, other materials, which
form the corresponding potential of useful properties of
raw materials, fuel and energy resources, does not
allow to achieve rational in terms of costs and effective
in terms of results of their implementation.
Physicochemical properties of the initial potential of
external factors are an obligatory part of the process,
the parameters of which play the role of activator of
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physicochemical transformations in a given direction,
their dynamic development with completion when
obtaining the expected result. Of particular importance
for the inventor is also practical experience, which is
formed during experiments with conducting research
on high-temperature models in conditions close to real
metallurgical processes.

When improving existing technological schemes for
the production of ferrous metals and alloys, it is
necessary to realize that between the levels of optimal,
i.e. theoretically possible level of perfection, and the
actual, which is formed from modern technological
solutions, there is a certain gap - a vacuum. Its use is
possible provided that the researcher has the
components of the individual's potential, which,
determining the IQ level, allow applying its components
to reduce the gap between theory and practice. This is
possible only if there is knowledge about the
physicochemical nature of the processes that are the
object of improvement, as well as practical skills for
their application in existing production conditions.

Conclusions.

The choice of the optimal technology depends on
economic, technical and environmental factors, as well
as on the scale of production and the availability of
resources. An important role in the restoration of the
economy of Ukraine by improving metallurgical
processes is played by the use of innovative
technological solutions, the source of which is
invention. The implementation of solutions that meet
modern requirements for energy efficiency, resource
conservation and environmental safety will allow
overcoming the technical lag and bringing the industry
to the forefront.
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Ilapycos E. B, I'y6enko C. L., Yyiiko I. M., Ilapycos O. B.
Po3poOka meToay j1a3epHOro 3MillHEHHS OBEPXHi KOB3aHHS
3aJIi3HUYHHUX KOJIic

Parusov E. V., Gubenko S. 1., Chuiko I. M., Parusov O. V.
Development of a method for laser strengthening of railway wheel
tread

AHomauisi. Memor pobomu 6yna po3pobka memody /1a3epHO20 3MiYHEHHST 30HU BUKPYXKU 3ali3HUYHUX Kosic Orsi
ompumarHsi 6eliHimHoi cmpykmypu i ycyHeHHs1 niopisy epebeHie. Memoduka. JlasepHe onpomiHeHHs1 3pa3kig nposodusnu
8 pexxumi besnepepeHo20 8uUNPOMiH8aHHs Ha npucmpoi JIT-701 «KapdamoH» (momyxHicmb gurnpomiHroeaHHs 600 Bm,
weudkicmb nepemiueHHs1 nasepHozo npomerto — 20, 15, 10 i 5 mm/c). Bumiprosanu meepdicms i Mikpomeepdicmsb 3pa-
3Kig. BunpobysaHHs1 Ha 3HOWYB8aHHS 3pa3Kie KOJIICHOI cmaurii Micisi Pi3HUX PEXUMI8 1Ta3€PHO20 ONMPOMIHEHHS Mpo8oousnu
Ha surnpobysarnbHit mawuHi « CML-2» (Memod KoyeHHs1 3 npokoe3ysaHHsIM). [ocnidxeHHs1 npogodusnu 3a A0rnoMo20r
onmuy4Ho20 mikpockory «Neophot-31», a makox wiisixom peHmeeHoCmpyKmypHo2o aHanisy. Pesynbmamu. 3a aHarni-
30M slimepamypHux dxepen 0oka3aHo O0UinbHICMb NTOKaIbHO20 3MIUHEHHST 30HU BUKPYXKKU NMOBEPXHI KOB3aHHS 3asli3HU-
YHUX KOJfliC WiisiXxoM na3epHoi 06pobku. Ha ocHosi docnidxeHHs1 3HOWeHO20 Koneca roKa3aHo, Wo rnpomikaHHs iHmeH-
CUBHUX M71aCmuy4HUX 3cysie 8 ymosax Oif BUCOKUX KOHMaKMHUX HanpyxeHb i@ Yac ekcriiyamauii npuseodums 00 iHme-
HCUBHO20 3HOWY8aHHS1 8 30Hi BUKDYXXKU, W0 MOXe ripudsecmu 0o nidpisy epebeHis. Haykoea Hosu3Ha. [loka3aHo, wWo
nicnsi na3epHoi 06pobKu 8 pexumi b6e3rnepepsHO20 BUMPOMIHIOBAHHST MOXHa ompumMamu MIKDOKOMMO3umHy 6elHimHy
CMpyKmypy na3epHo-3MiyHEHO20 wapy, sika crpusmiiuea 01 yMos8 ekcriyamauji. [lpu ybomy napamempu 3MiyHEeHO20
wapy, MoHKOI cmpykmypu cmarti, a makox Mikpomeepdicmb i meepdicmb MOXHa 8apitogamu y NeBHUX MexXax 3a/1eXHO
8i0 8UXiOHO20 cmMaHy KOIicHOI cmarti, a makox pexumy besrepepeHo20 a3epHo2o 8rusy. Ha ocHosi MopigHsIbHO20
aHari3y rnokasaHo, W0 pexumu f1a3epHoi 06pobKu, a makox cmyniHb AucriepcHocmi 8uxiOHOI MiKpocmpyKmypu eu3Ha-
yaome egheKkm a3epHo20 3MIUHEHHS KOMICHOI cmari. 3arnpornoHo8aHo rnepcrnekmueHUl PexuM 3 MOMYyXHICmio nasep-
Hoz2o npomeHto 600 Bm i weudkicmio tio2o nepemiujeHHs1 5—15 mm/c, sikuli pekomeHO08aHO 8UKOpUCMO8Y8amu y Moeo-
HaHHIi 3 mpaduuyitiHol mepmidHoto 0bpobkoro. MNMpakmuyHa 3Hadywjicmb. O62080pPEHO NepPCrneKkmMuUaU J10KasbHOI nase-
pHOT 06POBKU BUKPYKKU 3 OMPUMaHHSIM MIKPOKOMIO3UmHoi 6eliHimHOI cmpykmypu 8 pexxumi 6e3repepeHo20 f1a3epHO20
8UMPOMIHIO8aHHS, WO 00380/1UMb HE MINbKU Mid8uWUMU 3HOCOCMIUKICMb MOBEPXHI KOB3aHHS 3ai3HUYHUX Korlic, a U
3HU3UMb pU3UK ridpidy epebeHie y npoueci ekcrinyamauii. Takit o6pobui moxHa niddasamu K HO8I 3ai3HUYHI Koreca
nicrg mpaduyitiHoi mepmidHoi 06pobku, mak i sukopucmosysamu ii 8 3ani3HuU4yHuUXx 0ero nid Yac rnpoeedeHHs 8iOHO8-
TIeHHS1 3HOWEHUX npoghinie No8epxHi KOB3aHHS LWIISIXOM M1epemoYoK.

Knroyosi crnioea: 3arisHuU4He Koreco, KosicHa cmarib, No8epXHsi KO83aHHSI, belHim, MIKpOKOMIIO3umHa cmpykmypa, fia3epHa
06pobka, 3MiyHeHHs, 3HOCOCMILKiCMb.

Abstract. Purpose. The goal of this work was to develop a method for laser strengthening of the cove zone of railway
wheels in order to obtain a bainitic structure and eliminate undercutting of the crests. Methodology. Laser irradiation of
the samples was performed in continuous radiation mode using the LG-701 “Cardamon” device (radiation power: 600 W;
laser beam movement speeds: 20, 15, 10, and 5 mm/s). The hardness and microhardness of the samples were measured.
Wear tests of the wheel steel samples, after different laser irradiation modes, were conducted on the “SMC-2” testing
machine using the rolling with slipping method. The research was carried out using a Neophot-31 optical microscope, as
well as X-ray structural analysis. Findings. According to the analysis of literary sources, the feasibility of locally strength-
ening the cove zone of the tread through laser treatment has been demonstrated. Based on a study of railway wheels
worn during operation, which exhibit different tread profiles, it has been shown that intense plastic shear flow under high
contact stress conditions leads to accelerated wear in the cove zone. This wear can result in the undercutting of the wheel
flanges. Originality. It has been shown that during laser processing in continuous radiation mode, it is possible to obtain
a microcomposite bainitic structure in the laser-strengthened layer, which is favorable under operating conditions. At the
same time, the characteristics of the strengthened layer — such as the fine steel structure, microhardness, and hardness
— can be varied within certain limits depending on the initial state of the wheel steel and the parameters of the continuous
laser exposure. A comparative analysis demonstrates that both the laser processing parameters and the degree of dis-
persion in the initial microstructure significantly influence the effect of laser strengthening on wheel steel. A promising
processing mode, involving a laser beam power of 600 W and a speed of its movement of 5-15 mm/s, is proposed and
is recommended for use, particularly in combination with traditional heat treatment. Practical value. The prospects of
local laser processing of the wheel tread to obtain a microcomposite bainitic structure using continuous laser radiation are
discussed. This approach not only increases the wear resistance of railway wheel treads but also reduces the risk of crest
undercutting during operation. This treatment can be applied both to new railway wheels after traditional heat treatment
and during the restoration of worn tread profiles by regrinding in railway depots.

Key words: railway wheel, wheel steel, tread, bainite, microcomposite structure, laser processing, strengthening, wear
resistance.
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Betyn. lNig yac ekcnnyaradii 3anisHU4He Koreco
3HaxoAUTbCHA B CKITagHOMY HamnpyXeHOMY CTaHi, SiKui
BM3HAYaETbCA CUCTEMOIK KOHTaKTHWX, OMHAMIYHUX i
LMKNIYHMX HanpyxeHb [1]. Bci Ui HanpyXeHHs BUKNK-
KaloTb B KOMECi NPYXHO-NMacTUYHI Ta TENMoBi ABuLLa,
CrpusaTb BTOMHUM npouecam y oboai n gucky, nig-
pi3y rpebeHsa Ta pynHyBaHHIO NOBEPXHi KOB3aHHA [2—
7], Oe BUHMKAIKOTb Pi3HOrO POAY YLUKOMKEHHS: 3HOLLY-
BaHHSA MOBEPXHi KOB3aHHA (3MiHa nNpocpinto NOBEpXxHi
obopay 3a KOroM KOB3aHHS), Niapi3 rpedeHis, aedekTu
TEennoBoro BMnMBYy (MOB3YHW, HaBapw, ranbMiBHi BU-
LLepOVHN, TEPMIYHI TPILLIMHKW), BTOMHE BUKPULLIYBAHHS,
KPUXKi TpilMHW. B ocTaHHi poku CcyTTEBO 3pic iHTepec
A0 BUBYEHHSI MEXaHi3My 3HOLLYBaHHS MOBEPXHi KOB-
3aHHS, WO 0OYMOBIEHO He TiNbKN HEODXIAHICTIO CKo-
POYEHHS MOB'A3aHNX 3i 3HOLLYBaHHS BTPAT, arne Takox
i3 pO3p0oOKOID e(PEeKTUBHMX METOAIB MiABULLIEHHSA 0OB-
rOBIYHOCTI Konic, 3abe3neyeHHAM HagivHOCTI iX po-
6011, 0COBNMBO B EKCTPEMArbHNX YMOBAX (BEMMKi Ha-
BaHTa)XX€HHS, BUCOKi LUBWMAKOCTI, BANMUB MiaBULLEHUX
Temneparyp Ha 3aTsXXHUX CyCKax TOLLO) [2—6].

Cnig 3a3HauunTy, Wo 6ynm cnpobu nokanbHoOro 3mi-
LHeHHs rpebeHiB konic 3 MeTot BopoTLOU 3 BiYHMM
3HOLLUYBaHHSAM 3a JOMOMOIO MIa3mMoBOro BrnmBy [8]
Ta HarpiBaHHSA CTPyMOM BUCOKOT YacToTu [9]. TepmiyHe
3MiLHEHHS1 NOBEPXHi KOB3aHHSA 3anisHUYHWX Konic 3a
AOMOMOro Na3epHoi 06pPOOKN TaKoX € OOHUM 3 Nep-
CMEKTMBHMX HaMpsiMiB Cy4acCHOr0 HayKOBOrO MOLLYKY
[10-12]. OpgHieto 3 HaMBaXKNMBILLMX NepeBar na3epHoi
06pobkn MeTanoBupobiB € ii BMCOKA THYYKICTb 3a-
BOSKN MOXIMBOCTI HarpiBaHHS OOMEXEHUX AinsiHOK
NOBEepXHi 3a Oye KOpOTKi MpomikkuM yacy [13-15].
Cnig 3a3HaunTy, LWo 6ynu 3anponoHoBaHi METOAM 3Mi-
LIHEHHS1 NOBEpPXHi KOB3aHHSA Ta rpebeHiB 3a gonomo-
rol0 BONOKOHHOrO nasepy [16], y pesynbTarti 4yoro ¢o-
pMyBanucb AUCMNEPCHi MAapTEHCUTHI CTPYKTYPU Y 30Hi
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nasepHoro BRfMBY, siKi CNPUSIOTb KPUXKOCTI 06oaiB i
TOMY € HENPUNYCTUMMUMM B KORICHIN cTani. NepcnekTu-
BHOIO CMiJ BBaXKaTuW NOKanbHy fla3epHy 06pobKy 30HM
BMKPY>XKM 3 METOK OTPUMAHHSI BEMHITHOI CTPyKTypwm
KOMiCHOI cTani, ska 3a CBOIMW BfIaCTUBOCTAMMU € Crpu-
ATNVBOKO AN YMOB eKcnnyarauii 3anisHU4YHUX Konic
[7, 17]. Llen meToa noB'sA3aHuin 3 BUKOPUCTAHHAM 6e3-
nepepBHOI NasepHoI Ail, OCKINbKM 3a YMOB iMMYNbCHOT
nasepHoi 06pobkM CTpyKTypa 3arapTOBaHOro Lwapy
BUSIBNSIETLCS iEHTUYHOK «OinMM wapamy», Lo yTBO-
PIOIOTBCA Ha MOBEPXHi KOB3aHHSA Nig Yac ekcnnyaTtauil
[7, 17]. Okpemo cnig Big3Ha4YMTN OOOATKOBY MO3UTU-
BHY Ait0 NasepHoi 06pobku, sika cnpusie goparmeHTauii
HeMeTaneBuWX BKIMYEHb B N1a3epHO-3MiLHEHOMY LLapi,
LLO Jit0Tb SIK KOHLEHTpaTopu HanpyxeHb [18], a Takox
CYTTEBOMY raribMyBaHHIO KOPO3ilHMX NPOLECIB i yTBO-
PEHHs TPIiLWWH Nobnm3y HeMeTaneBmx BKIIOYEHb Mpu
noganbLUOMy HaBaHTaXeHHi 3a Jac ekcnnyaTtauii. Le
MOB'A3aHO i3 B3aEMOAIEI0 BKIOYEHb i CTanesoi mar-
pvLi, Ska NPM3BOAUTL A0 YTBOPEHHS MIKPOKOMMO3UT-
HWX 30H i 3MiHi KOresiBHOi MILUHOCTI MiXdhasHux rpa-
HUUb BKMOYMEHHA-MaTpuus [19-22]. Meta poboTtn —
po3pobka MeTody Na3epHOro 3MiLHEHHSI 30HW BUKPY-
XKW 3ani3HWYHMX KOMiCc Ansi OTPUMAaHHS OEeMHITHOI
CTPYKTYPW i yCyHEHHS niapi3y rpebeHiB.

Marepianu i metoamn paocnigxeHb. [JocnimkeHo
3HoweHe koneco Ne 1, a Takox koneca Ne 2 i 3 Bupo-
6HuuTBa MAT «IHTEPMAWM HT3», Wo 3a3Hanu Tep-
MiyHy 06pobky oboay (rapTyBaHHs Big 860 °C, Bianyck
3a Temnepatypu 520 °C 3 BUTpMMYBaHHSM 2 rogd.), a
TaKoX AMCKY nicnsa rapsdol gedhopmaldii B iHTepsani
Temnepatyp 1250-850 °C (0xonomKkeHOro Ha noBiTpi
Big Temnepatypwm 850 °C). XiMmiyHnn cknag ctanemn go-
ChimxyBaHMX Kornic HaBedeHo y Tabn. 1.

Tabnuus 1. XiMiyHWI cknag cTanen 4ocnimKyBaHUX Konic

Ne koneca BwmicT enemeHnrTis, % Bar.
C Mn Si S P Cr Ni Cu Al Ti
1 0,59 0,72 0,34 0,025 0,012 0,14 0,15 0,20 — —
2 0,58 0,74 0,34 0,025 0,011 0,14 0,17 0,21 — —
3 0,58 0,76 0,35 0,030 0,009 0,04 0,05 0,11 0,04 0,05

JocnigpkeHHa npoBoaunu 3a OMNOMOroH OMTWY-
Horo mikpockorny «Neophot-31», a TakoxX LNsXoM pe-
HTTEHOCTPYKTYPHOro aHanisy. JlasepHe OnpOMiHEHHS
cTani nposoannu y pexumi 6e3nepepBHOro BUNpoMi-
HIOBaHHA Ha npucTpoi JIM-701 «KapaaMoH» (noTyx-
HicTb BunpomiHioBaHHA 600 BT, wBeuakicte nepemi-
LeHHs nasepHoro npomeHto — 20, 15, 10 i 5 mm/c, puc.
1, a). BumiptoBanu TBepaiCTb | MIKpOTBEPAICTb 3paskiB.
BrnpobyBaHHsi Ha 3HOLLYBaHHS 3paskiB KOMICHOI cTani
nicns pisHUX peXnMmiB nasepHoOro oNPOMiHEHHS NPOBO-
Annn Ha BunpoOyBanbHin MawuHi «CML-2» (meTog
KOYEHHS1 3 MPOKoB3yBaHHsIM). INonepeaHbo Byno Buro-
TOBMNEHO KOHTPTINAG, WO iMITYIOTb pelky, yacTuHa 3

SKMX TaKoX NigAaBanack nasepHin obpoOui 3a Bigno-
BiOHMM pexvuMoMm. 3pasku 3BaxKyBanv OO i nicnsa Bu-
npobyBaHb A51S BU3HAYEHHS BTpaTV Baru y pesynbrari
3HOLLYBaHHS.

Pesynbtatn gocnimkeHb Ta ix obroBopeHHs. Npu
Bi3yanbHOMY Ornsifli 3HOLLEHOro Koneca BUSABMEHI Taki
OedekTun, 9K NOB3yH, BiAlapyBaHHA, HaMnMB MeTany
3 MOBEPXHi KOB3aHHS Ha 30BHILLHIO BibHy rpaHb obopay,
BTOMHO-KOpO3iiHE 3HOLUYyBaHHSA. Y pesynbTaTi Ha-
nnvBy BIAOYNoOCA CNOTBOPEHHS Npodinto koneca B
npoueci ekcnnyarauii (puc. 1, 6). Y 30Hi BUKPYXKM
crnocTepiraeTbCs AinsiHka nokanisoBaHoi gedopmadil,
a TakoX MIKpOTpiWuHKM (puc. 1, B).
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Puc. 1. Cnign Big 6e3nepepBHOi Na3epHOI Aii Ha NOBEpPXHi 3pa3kiB KOMiCHOI cTani (a) Ta AinsHka 3HOLEHOI

noBepxHi koB3aHH4 (6, B): a — x10, B — x100

MikpocTpykTypa obogis konic Ne 2 i 3 nicnsi rapty-
BaHHA npegcTaBnsna coboto nepnit i deput, nicns
BiONycKy — BigNyLWEHUN TOHKOAMCNEPCHUA NepniT
(TpoocTuT) i hbepur. Micnsa rapsavoi aedopmalii Ta Ho-
pmanisadii AMCKy oTpumanu nepnitTHo-pepuTHy CTpy-
KTYpy cTani, sika Bigpi3HAETbCA Big CTPYKTYpU TepMi-
YHO 0b6pobneHoi cTani GinblwMMK po3mipamn 3epeH
nepniTy i eputy Ta MEHLLIUM CTYNEHeM AMCNEPCHOCTI
nepnity.

MikpocTpykTypa 30H1 nia3epHoi 06pobku cTani, sika
Oyna nonepefHbO 3arapToBaHa i BignyLieHa y npomu-
CNOBMX yMOBax, ABNnsie cobol AMCNepCHU MapTeH-
cuT abo BENHIT, 3anNULLKOBUI ayCTEHIT i ANCNepCHUN

LEeMEHTUT (puc. 2). XapakTep OCHOBHOI CTPYKTypu
cTani, BU3Ha4YeHol 3a JOMOMOrOK PEHTIEHOCTPYKTYp-
HOro aHanisy, 3anexuTb Bif LWBWAKOCTI NepeMilleHHs
nasepHOro NPOMeHHo: 3a weuakocTi 20 Mm/c, KOnn iH-
TEHCUBHICTb OXONOMPKEHHS CTani MakcumMarbHa, OTpu-
Manu MapTEHCUT (3a pe3ynbTaTtoM NepPeTBOPEHHS ay-
CTEHIT — MapTEHCKT), 3a iHLWNX PEXMMIB NasepHoi 06-
pobkn — BEVHIT (3a pe3ynbTaTom NepeTBOPEHHS ayc-
TEHIT — B6enHiT). OCKiNbkn MapTEHCUTHA CTPYKTypa Ha
NMOBEPXHi KOB3aHHSI € HEMPUNyCTUMOLO, NpeacTaBns-
€TbCs NEPCMNEKTUBHO DelHITHa CTPyKTypa nasepHoro

rapTyBaHHs1.

Puc. 2. MikpocTpyKTypa KoniCHUX cTanen nicns nasepHoi i nonepeaHboi TepMivyHoi 06pobok: a — koneco Ne

2; 6, B—koneco Ne 3; a—x200; 6, B— x500

Y 1abn. 2 HaBegeHO pe3ynbTaTh BNAUBY pexumy
nasepHoi 0bpobku BGe3nepepBHOI Aii HAa nNapameTpu
TOHKOI CTPYKTYpW KOMicHOI cTani. Y pasi nonepeaHbol
TEpMiYHOi 0OpobKM MapaMeTpu MIKPOBUKPUBIEHD Y
peLiTLi, BENUYMHKM BMOKIB i LWiNbHOCTI Aucrokauin cBi-
A4atb nNpo OinbLuy Mipy 3MiLHEHHS cTani nig Yac nase-
pHOT 06POOKM Y NOPIBHSAHHI 3 BUXIgHUM rapsveaedop-
MOBaHMM i HOpMani3aoBaHUM CTaHOM, L0 BM3HauYa-
€TbCA BNNBOM HanpyXeHb Yy BUXIOHIN CTPYKTYpPi KOri-
CHOI cTani.

AHani3 BnnmBy pexumy nasepHoi obpobku, a came
LLUBMAKOCTI NepeMILLeHHA na3epHOro NPOMeH0, noka-
3aB, L0 3i 3MEHLUEHHSM Yacy BUCOKOEHEPreTUYHOro
BMMBY 3HWKYETbCS PiBEHb 3MILIHEHHS KOMICHOT cTani.
3aKOHOMIPHOCTI 3MiHM MapameTpiB TOHKOI CTPYKTypu
cTani nicna nasepHoi 06pobku nonsiraloTb y TOMy, L0
3i 30iNblUEHHAM LUBUAKOCTI NEePeMilleHHs1 NPOMEHH0
Gnokn Mo3aiku cTalTb APIOHIWNMK, a MIKPOBUKPUB-
NEHHs B peLUiTUi 3pocTatoTb, 3pOCTae i WinbHICTb guC-
nokauin. Lle nos'azaHo 3 po3BMTKOM YaCTKOBOI penak-
cauii HanpyXeHb 32 YMOBMW 3MEHLLEHHS LLIBUMAKOCTI ne-
peMILLEHHS NTa3epHOro NPOMEHHO.

AHani3 ocobnMBOCTEN 30HU Na3epHOro BNMBY MO-
KasaB, L0 il MiKpOCTPYKTypa cknagaeTtbces 3 (puc. 3):

92

- came AinsHkn 3 6enHiTHoto cTpykTypoto (1), wo
Mae LWNPUHY Sg;

- NepexigHoi 30HM 3 BENHITHO-NEPNITHOK CTPYKTY-
poto (2), Ska Mae WnpUHy Sy;

- 30HU TepMiYHOro BNNmBy (3), Aka Mae LUNPUHY S3
B 3aeXHOCTI Bif peXumy onpoMiHeHHs (puc. 2, 6, B).

Y 1abn. 3 HaBeAeHO PO3MipK 03HAYEHUX CTPYKTYp-
HWX 30H. Taknm YMHOM, y pe3ynbTaTi 1asepHOro onpo-
MiHEHHS1 OTpMMaHa MIKPOKOMMNO3NTHa (rpagieHTHa)
CTPYKTYpa 30HU nasepHoi 06pobku. MNpu ubomy nepe-
XigHa 30Ha (2) 3abe3neyye MiLHe 34ensneHHs wapy 3
GEVIHITHOIO CTPYKTYPOIO i3 OCHOBHOIO CTPYKTYPOHO KOSi-
CHOI cTari (30HOK TePMIYHOro BMMMBY), L0 NiABULLYE
CTIMKICTb 10 KPUXKOrO pPyNHYBaHH4A. 3aranbHa LmpuHa
30HM NTA3ePHOro BMMBY Bid O4HOro npoxody nasep-
HOro NPOMEHIO (S) cknagaeTbcs:

S =35 +25,+2S,. @

MmnbuHa 3miuHeHoro wapy h cknagana 1,2—1,6 mm

B 3aIeXHOCTi Bii peXXUMy ONPOMIHEHHS:
h=8+S,+S5; 2

NPUYOMY 3HaYeHHS Sy Ta Sz NPaKTUYHO € OOHaKO-
BMMU Y HanpsiMKax LUMPWUHW Ta IMMOWHM Aii nasepHoro
NMPOMEHIO.
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Tabnuus 2. NMNapameTpy TOHKOI CTPYKTYPU 30HM Na3epHOro 3milLHEeHHS KOMiCHOI cTani nicns oopobku 6eane-

€PBHOH Nla3epHoto Jieto

BuxigHuin LBuakicte pyxy nasepHoro | Poamip MikpoBVKpUBNEHHS Aa/a LWinbHicTe  anc-
CTaH cTani NPOMEHI0, MM/C onokis, nokauiu, pt, cm?
105, cm
MouaTtkoBmMit BiANiK 3,52 MouaTtkoBMiA BiANiK 2,3-108
[ apsive-0edopMoBa- 5 0,72 0,35 4,2.101t
Bt 10 1,22 0,35 3,48-1011
15 1,71 0,32 2,1.10%0
20 1,82 0,30 1,7-10%°
MouaTKoBWiA Bignik 3,31 MoyaTKoBMIA BiaiK 4,7-10%0
Micns TepmiyHOi 06po- 5 0,48 0,38 6,310
6k 10 0,54 0,37 3,6:10%
15 0,62 0,36 2,4-1011
20 0,69 0,36 2,3.101%

JlazepHnit
npoMiHb

OcHoBHHI
MeTa

Ss[S2

Puc. 3. Cxema CTpyKTypu 30HU NasepHoro 3milHeHHs

Tabnuus 3. LnpuHa rpagieHTHUX GiNsHOK 30HM NTa3epHOro BMUBY

LUvpuHa CTPYKTYPHOI 30HM, MM

S1 S

Ss3

1,3-1,9 (30-70)10-2

0,3-0,8

MikpOKOMMO3uTHa 30Ha Nas3epHOro BMBY, Lo BU-
HUKNa y pe3ynbTaTi 6eNHITHOrO NepeTBOPEHHS aycTe-
HITY 3 PIi3HOK LWBMAKICTIO BHACNigOK HEOOHOPIAHOro
po3noAiny TemnepaTypy 3a LUMPUHOLO i rMbuHOoLO ail
na3epHoro onpoMiHeHHs1, 3abesneyye nepenagu 3Ha-
YeHb MIKPOTBEPAOCTi cTani y 30Hi OMPOMIHEHHS
(Tabn. 4). 3oHa nasepHoOro BNAMBY Mae KOMMO3UTHY
CTPYKTYpY 3a 03Hakamu 3MiHHMX ¢pa3oBoro ckragy Ta
MIKpOTBEPAOCTI.

MikpoTeepgaicTb i TBEpAICTb 3MiLHEHOro nasepHoo
06pobkoto Wapy 3i 30iNbLUEHHAM LIBUOKOCTI pPyxy

nasepHOro NPOMEHI0 3pOCTalTh, LLIO NOB'A3aHO 3i 36i-
NbLUEHHAM BHYTPILWHIX HanpyXeHb i WinsHocTi gede-
KTiB KpucTaniyHoi 6ygosu (Tabn. 5). 3oHa TepmiyHOro
BNIMBY NicNs la3epHOi 06poOku MiKPOCTPYKTYPHO BU-
paxeHa cnabo. 3i 30inbLeHHAM LWBMAKOCTI pyXy Npo-
MeHH0, TOBTO 3i 3MEHLLEHHSAM Yacy Na3epHoro BrvBY,
rmMnbuHa 3MiLHEHOT 30HM 3MeHLLYETBLCSA. 3a BCiX LWBUA-
KOCTeln nepeMillleHHs fasepHOro NPOMeHI0 MikpoTBe-
paicTb nonepeaHbo TepMidHO 06pobneHoi cTani € BK-
LLOK Y MOPIBHAHHI 3 HOpMari3oBaHUM CTaHOM Micns
rapsivoi gecpopmadii (tabn. 5).
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Tabnuus 4. MNMoka3HMKN MIKPOTBEPAOCTI AINAHOK 30HW NTAa3epHOro BAfMBY (LUBUAKICTb PyXy Na3epHOro npo-

MeH Vg = 15 mm/c)

[insHKa y 30Hi NasepHoro BNNnBy MikpoTtsepaicTtb, MlMa
1 5680
2 3850
3 3300

Tabnuvus 5. 3miHa MiKpOTBEPAOCTI KOMICHOI cTani Big NOBEPXHi y IMMOUHY 3paska nicns fia3epHoi 00pobku

Vrp, BuxigHWii cTaH crani BigctaHb Big noBepxHi 3pa3ka, MKM
Mm/c 0 100 200 300 400 500 600 700
5 4400 4300 4200 3900 3000 3000 2900 2900
Micns TepMooBpoBikn 4580 4470 4320 4070 3200 3180 3080 3070
15 5500 5300 4400 3100 3100 3000 2900 2900
5680 5510 4560 3280 3240 3180 3040 3030
5 3800 3800 3500 3100 2400 2300 2300 2300
apsye-gedopmoBa- 3960 3950 3680 3290 2610 2490 2480 2480
15 HUI 4600 4400 3400 2500 2400 2300 2300 2300
4790 4570 3620 2740 2660 2470 2460 2460
[puMiTKa: 3Ha4YEHHS Y YMCENBHUKY Ta 3HaMeHHMKY — koreco Ne 2 i koneco Ne 3 BignosigHo.

Takum YmHOM, Npy 6e3nepepBHOMY Na3epHOMY BU-
NPOMiHIOBaHHI MOBEPXHEBWUI LLAP KOMNICHOI cTani 3mil-
HIOETLCS Yy pe3ynbTaTi 3Ha4HOro AMCNepPryBaHHs CTpy-
KTYpM, 30iMblUEHHS LWINbHOCTI AedeKTiB KpucTanivyHoi
OynoBwu, ApobneHHsa 6rnokiB MO3aiku Ta 3pOCTaHHS Mi-
KPOBUKPUBIEHb Y KPUCTariYHI peLuiTyi, a TakoX yTBO-
PEHHS MIKPOKOMMO3UTHOI CTPYKTYPY 3a pe3ynbTaToM
GeViHITHOro nepeTBopeHHs1. 3MiHa WBWAKOCTI pyxy na-
3€pHOr0 MPOMEHI0 J03BONSE BapiloBaTW PiBEHb 3MiLl-
HEeHHs cTani Ta rMubnHY 3MiLHEHOT 30HW, a TaKoX Xa-
pakTep cTpykTypu ctani. OCKinbkn HasBHICTb MapTeH-
CWTHOI CTPYKTYpUY Ha NOBEPXHi KOB3aHHS € Henpunyc-
TUMOIO, NPEACTaBNSETLCS NEPCNeKTUBHOW OelHITHa
CTPYKTypa Nla3epHOro rapTyBaHHsI.

Pexunmn nasepHoi 06pobku Bu3HaYalTb edekT
Na3epHOro 3MiLHEeHHS KOsiCHOI cTani. lNepcnekTuBHUM
cnif BBaXaTW PeXUM 3 MOTYXHICTIO fla3epHOro npo-
meHto 600 BT i wBmMakicTio noro nepemiweHHs 5-15
MM/C, 0COBNMBO Y NOEAHAHHI 3 TPAAMLINHOIO TepMiY-
HOo 06pOBKOID 3ani3HNYHMX Konic. OCKINbKKU Y LIbOMY
OOCHIMpKEHHI Bynn OTpMMaHi 3Ha4YeHHs1 MiKpOTBEPAO-
CTi NasepHo-3MiLHEHOro Lwapy KonicHol ctani, nigaa-
HOI monepeaHi TepMivHin 06pobui, By 3a 360 HB i
He CTaBWIocs 3aBAaHHA OTPUMaHHS PEKOPOHMX 3Ha-
YeHb LbOro NokasHuka, NpeacTaBnsaeTbCs MOXIMBUM
peKkoMeHyBaTV 3aranbHONPUIHATI 3aBOACHKI peXXumn
nonepeaHboi TpaauLiiHoT TepmidHOT 00pobkn oboais
3anisHUYHUX Komic (TemnepaTtypu rapTyBaHHs 840—
860 °C i Bignycky 480-550 °C BignosigHoO gnis Konic
Pi3HUX PO3MIpIB i CTanen pi3HOro XiMiYHOro cknagy).
Cnig 3a3HaunTy, WO nig Yac nokanbHOro fiasepHoro
3MILIHEHHS! 30HM BUKPY>KKM B YMOBaX BUPOOHMLITBA 3a-
Ni3HNYHKX KOMiC OOUINBbHUM € MPOBEAEHHS L€l onepa-
Ll nicnsa rapTyBaHHA nepeq BianyckoMm. Y Takomy pasi
BiANyCK Npu3Bene [0 3MEHLUEHHS TEPMiYHMX Hanpy-
XKEHb.

[ns nocnigykeHHst 3HOCOCTIMKOCTI KOMiCHOT cTani ni-
cns nasepHoi 06pobkM NpoBoaMM BUNPOOYBaHHS Ha
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3HOLWYBaHHSA. Pe3ynbtatv BunpoOyBaHb HaBedeHO y
Tabn. 6. AHanis pesynbTaTiB BMNpoOyBaHb MoKa3as
edeKTUBHICTb NazepHoi 06pobKK KonicHOI cTani y pe-
XnMi 6e3nepepBHOro BNANBY 3 OTPUMaHHSAM BEHITHOI
CTPYKTYpW nasepHo-3miuHeHoro wapy. Ocobnueo Le
NpPOSBUNOCS Y pasi NOegHaHHS 3BMYaNHOI TEPMIYHOI i
nasepHoi 06poboK. 3HOCOCTIMKICTb 3pas3kiB KOMiCHOI
ctani nigeuwmnacs y cepegHeomy Ha 70 %, 3HOCO-
CTIMKICTb KOHTpTINa Takox nigsuwmnaca Ha 10 % y
pasi penkoBoi cTani 6e3 nasepHoi 06pobku i Ha 62 %
y pasi penkoBoi cTani nicns nasepHoi 06pobku. Ove-
BMAHO, LLO Nla3epHa obpobka B pexumi 6eanepeps-
HOro BMMBY MPU3BOAWUTL OO CYTTEBOrO MiABULLEHHS
3HOCOCTINKOCTi KOMICHOI cTani (3HWXEHHIO iIHTEHCUBHO-
CTi 3HOLUYBaHHS), 0coBNMBO SKLLO Lin 0bpobui nigaa-
€TbCsl Napa TepTst abo oauH 3 enemeHTiB napu TepTs.
Lle cBiguuTb Npo NEepPCneKTUBHICTb CNiNbHOI 06POGKK
KOrMiC i penok, y nepLly 4yepry B nokarnbHux npobnem-
HUX OinsHkax. 3okpema, y 3anisHUYHOro koneca — ue
30Ha BUKPYXKKN.

MiaBMLLEHHSA 3HOCOCTINKOCTI KOnicHOI cTani nicns
na3epHoi 06pobkM nigTBEPAKYE €DEKTUBHICTL 3aCTO-
CyBaHHs 3MiLHIOBanbHOI fla3epHOl TEXHONOrT 3a paxy-
HOK LliNecnpsMOBaHOro BUKOPUCTaHHS BHYTPILLHIX pe-
3epBiB CTPYKTYPHOI MPUCTOCOBAHOCTI MOBEPXHEBUX
LWapis ctani B ymoBax ekcrnnyartauii. BuByeHHs cTpyk-
TYPU TOHKOIO NMOBEPXHEBOIO LIApYy Nicrs BUNpobyBaHb
Ha 3HOLLYyBaHHS Nokasaro nNnacTu4Hy NoBediHKy nase-
PHO-3MILHEHO| CTPYKTYpU 6€3 yTBOPEHHS TPILLIMH.

OyeBuaHO, WO AN OTPUMAHHS MiHIManbHOro Koe-
diLieHTy TepTa ANs napu Koneco-penka HeobxigHo,
wob y nasepHo-3arapToBaHi CTPYKTYpi cTani nig Yac
eKkcnnyarauii peanisoByBanucs nrnacTU4Hi NepeTBo-
PEHHS1, WO NPU3BOAUTb A0 36iNblLUEHHS LWiNbHOCTI
Ancnokauin Ha poboyii NOBEpPXHi Ta MNacTUYHOI pena-
Kcauii HanpyXeHb. Lle 3ymoBnioe ouinbHICTb Aoaart-
KOBOTO JTOKaJIbHOr0 Nla3epHOro 3MiLlHEHHS poBoY0i No-
BEPXHi 3ani3HUYHNX PENOK.
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Tabnvuga 6. PesynbTaty BUNpoOyBaHb Ha 3HOLLYBaHHS 3pa3KiB KOMICHOI cTani nicns nasepHoi o6potku

Mapa TepTa MoyaTtkoBa Bara 3paska ni- | Brparta BigHoLeHHSA 3HOCOCTINKO-
Bara cnd Baru, CTi 3MiLIHEHOTO i BUXigHOro
3paska, BUNPoOyBaHsb, r MaTepiany
r r

KonicHa ctanb, T/0, 6e3 J10 — pewkoBa | 86,87 85,60 1,27 10

ctanb 6e3 J10 85,03 83,83 1,20 1,0

KonicHa ctans, r/g, J1O, Vip =15 mm/c | 81,86 80,94 0,92 1,38

— pevikoBa ctanb 6e3 J10 84,11 83,32 0,79 151

KonicHa ctans, r/g, J1O, Vmp =15 mm/c | 81,46 80,61 0,85 149

— pewikoBa ctanb nicns JIO 86,33 85,59 0,74 1,62

KonicHa ctans, T/0, 110, 82,03 81,22 0,81 1,56

Vmp = 15 Mm/c — pevikoBa cTanb 6e3J10 | 84,02 83,31 0,71 1,69

KonicHa ctanb, 1/0, 10, Vip = 15 mMm/c | 82,22 81,44 0,78 1,62

— pevikoBa ctasnb nicns J1O 80,21 79,52 0,69 1,74

Mpumitka: JIO — nasepHa obpobka; r/a — rapsda aedopmalis; /0 — TepmivyHa 06pobka; Vip — WBUAKICTE NepeMiLLieHHs

Na3epHOro NPOMeHI0. 3Ha4YEHHs! Y YMCenbHUKY Ta 3HaMeHHUKY — koneco Ne 2 i koneco Ne 3 BignosigHo.

BucHoBku

1. JocnimkeHHs 3HOLWEHMX Y NpoLeci ekcnnyarauii
3ani3HUYHNX KOMIC NMoKa3ano, WO NPOTiKaHHS iHTEHCK-
BHMX NNAaCTUYHWUX 3CYBIB B YMOBaXxX Jil JOCUTb BUCOKUX
KOHTaKTHUX HanpyXeHb NpU3BOAUTb A0 iIHTEHCUBHOIO
3HOLLYBaHHS B 30Hi BUKPY>KKM, LLIO MOXE MPU3BECTU 4O
nigpisy rpedeHis. MNpy LbOMY OOLINBHUM € NoKarnbHe
3MiLHEHHSI 30HW BUKPYXXKW 3 METOIO BUPILLEHHS 3a3Ha-
YeHux npobnem.

2. Mig yac nasepHoi 06pobkm B pexnmi 6esnepep-
BHOMO BWMPOMIHIOBAHHSA YTBOPHOETLCH MIKPOKOMMO3M-
THa GerHiTHa CTpyKTypa nasepHO-3MILHEHOrO Liapy,
sika cnpusaTnMBa Ang ymoB ekcnnyartadii. NapameTpu
3MiLHEHOro LWapy, TOHKOI CTPYKTYpW CTani, a Takox
TBEPAICTb MOXHA BapiloBaTU y NEBHMX iana3oHax 3a-
NEXHO Bif, BUXIQHOrO CTaHy KONICHOI cTani, a Takox pe-
1My 6e3nepepBHOro fa3epHoro BNnvBY.

3. Pexxvmun nasepHoi 06pobku, a TakoXk CTyniHb Aun-
CMEepCHOCTi  BUXIOHOT MIKPOCTPYKTYpU BU3Ha4Yal0Tb
edeKkT nasepHoro 3MiLHEHHsa  KOmiCcHOI  cTani.

[MepcnekTMBHUM € PEXUM 3 MOTYXHICTIO Na3epHoro
npomeHto 600 BT i wBnakicTio Noro nepemiweHHsa 5—
15 mm/c, 0coBNMBO y NOEQHAHHI 3 TPaaMWLiHOW Tep-
Mi4HO 0BPOOKOI0.

4. lNigBULLEHHA 3HOCOCTINKOCTI KOMiCHOI cTani ni-
cnsi nasepHoi 06pobkn Nokasye eeKTUBHICTb 3aCTO-
CyBaHHS 3MiLHIOBANbHOI fla3epHOI TEXHOSONT LUNAXOM
LinecnpsMoBaHOro BUKOPUCTaHHSI BHYTPILLHIX pe3ep-
BiB CTPYKTYPHOI NMPUCTOCOBAHOCTI MOBEPXHEBUX LLAPIB
cTani B ymoBax ekcnnyaTtauii. [pegcraBnsaetscs nep-
CNEKTVBHOIO NoKarbHa nasepHa obpobka BUKPYXKKM,
WO O03BOMNUTb HE TiMbKW MiABULLMTU 3HOCOCTIMKICTb
NoBepXHi KOB3aHHSA 3ani3HNUYHMX KOMIC, a U 3HU3UTb pu-
3UK nigpidy rpebeHis y npoueci ekcnnyaTadii. Takin 06-
pobui MoXKHa nigaaBaTty Sk HOBI 3ani3HUYHI koneca ni-
cnsi TpaanUiiHoT TepMiYHOT 06pOOKK, Tak | BUKOPUCTO-
BYBaTW 1i y 3anisHU4HUX Aeno nig Yyac nposeaeHHs Bia-
HOBMEHHSI 3HOLUEHMX MpodiniB MOBEPXHi KOB3aHHS
LLIAXOM NMEPETOYOK.
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PanionanbHi nuissxu popMyBaHHS, BAKOPUCTAHHS TA BilHOBJICHHH

BHPOOHMYOI0 MOTEHIiAJly MeTAJTYPriiHOI0 MiANPUEMCTBA

Mishalkin A.P., Petrenko V.0., Selegei A.M., Fonarova T.A.

potential of a metallurgical enterprise

Anomauyisi. Mema ma 3ag0aHHs. Teopemuko-aHanimu4yHe obrpyHmyeaHHs1 Kameezopii «8upobHu4ul nomeHyjan nionpu-
€MCMBay; BU3HAYEHHS], Ha OCHOBI aHani3y ICHyl4ux Haykogux roassdie, (ioe0 OCHOBHUX crieyudbidHUX ckradosux ma
YyMO8 pauioHanbHoI pearnisayji (1020 cknadosux y memarlypaitiHomy 8UpobHUUMSI; BUSHAYEHHST (haKmopie 308HiUHbL020
8rusy, siki ausHa4arome OUHaMIKy payioHarnbHO20 8UKOPUCMAaHHS CKITa0o8uX nomeHuyiany ma eghekmuesHi criocobu ¢ho-
pMy8aHHs 8UpPObHUY020 nomeHuiany nidnpuemcmesa. Memooduka. KomnnekcHuli cucmeMHul Memo0 HayKogoeo 0brpyH-
my8aHHs1 yMo8 3abe3rnedyeHHs1 no3umueHo2o banaHcy MiX cknadosumu 8upobHUYO20 rnomeHuiany nidnpuemcmea ma
pauioHarnbHO020 8UKOPUCMaHHSI Lio2o pecypCHO-CUPOBUHHOI CKla0080i Ha OCHOBHUX emanax Xummegoao Wiisixy eupob-
Hu4Yo2o npouecy. Haykosa Hosu3Ha. YMOYHEHO CymHicmb «rnomeHuiany» sK Kameaopii, wo eu3Ha4yae 30amHicmb
ob6’ekma abo lioeo cknadosux i@ 8nIUEOM ME8HUX ¢hakmopie 308HIiWHBLOI Oif mpaHchopMysamu KOMIMIEKC 8UXIOHUX
enacmusocmel, chopMogaHuUx NPUPOOHUM abo Wwmy4HUM criocoboM, 8 KOMII/IEKC CroXu84UX enacmusocmel npodyk-
uii, siki 3abe3nedyromps MiHnusi 3a guMoeamu nompebu cycninscmea. [pakmuyHa 3Ha4Yumicmb. 3 ypaxyeaHHsSIM cmaHy
simyu3sHsiHo2o TMK ma nompeb cycninbscmea 6 3abe3neyeHHi (i020 coyiaribHO-eKOHOMIYHO20 PO38UMKY 3arporoHO8aHO
KOMIIIIEKCHY CXeMy, 3arnposadxeHHs1 sikol o3eonums Halbinbw paujioHarbHO 8UKOPUCMAamu KOPUCHI erlacmueocmi Ha-
S8HUX rTomeHuyjarnie memarypeailiHoeo supobHuUymea.

Abstract. Purpose and objectives. To provide a theoretical and analytical substantiation of the category "production po-
tential of an enterprise"; to identify, based on the analysis of existing scientific approaches, its main specific components
and the conditions for their rational implementation in metallurgical production; to determine external factors influencing
the dynamics of the rational use of potential components and effective methods for forming the production potential of an
enterprise.Methodology. A comprehensive systematic approach to scientifically substantiate the conditions for ensuring a
positive balance between the components of an enterprise’s production potential and the rational use of its resource and
raw material component at the main stages of the production process life cycle. Scientific novelty. The concept of "poten-
tial" is clarified as a category that defines the ability of an object or its components, under the influence of certain external
factors, to transform a set of initial properties (formed naturally or artificially) into a set of consumer properties of products
that meet the evolving needs of society. Practical significance. Taking into account the current state of the domestic mining
and metallurgical complex and the societal demand for socio-economic development, a comprehensive framework is
proposed. Its implementation will enable the most rational use of the beneficial properties of the existing potentials of
metallurgical production.

Introduction. “Potential” as a term has become
widespread among scientists to determine rational
ways of using available or still hidden material re-
sources, equipment involved in the production process
and the capabilities of an enterprise. Their potentials,
as components of the total, are realized in the course
of a business entity's activities.

Assessment of the overall potential of the enter-
prise's production strength makes it possible to identify
areas for further improvement of existing technologies
and to find ways to effectively use its useful compo-
nents. In addition to the cost-benefit assessment of the
technical and economic indicators of the production
process, itis important to determine the rational degree
of use of the useful properties of the components of the
enterprise's initial potential.

Natural resources can be divided into groups ac-
cording to their “exhaustion”: conditionally inexhausti-
ble (energy of the sun, wind, water, atom, etc.);

© Mishalkin A.P., Petrenko V.O., Selegei A.M., Fonarova T.A., 2025
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exhaustible non-renewable (mineral raw materials,
fossil fuels, etc.) and renewable (materials of plant
origin and waste from their industrial processing). It is
advisable to distinguish a separate group of man-made
waste, which is inevitable at this level of development
of science and technology. The latter group, through
special treatment, becomes a reserve of raw materials
in the context of depletion of the potential of raw mate-
rials.

The task important for solving the current problems
of ferrous metallurgy is the scientific substantiation of
conditions that will ensure a positive balance between
the components of the production potential of the en-
terprise and the rational use of its resource and raw
material component at all major stages of the life of the
production process, which are implemented according
to the scheme shown in Fig. 1.

Based on the lifecycle analysis of physicochemical
potential of the metallurgical system under study, the

This is an Open Access article under the CC BY 4.0
license https://creativecommons.org/licenses/by/4.0/
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factors whose impact on the system will increase the
level of utilization of its physical and chemical potential
will be determined.

Based on the lifecycle analysis of physicochemical
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potential of the metallurgical system under study, the
factors whose impact on the system will increase the
level of utilization of its physical and chemical potential
will be determined.

concentrate
processing

mining of
mineral re-

obtaining a

semi-product

sales of
metal prod-

product
manufac-

) . U . U )

Figure 1 — Main stages of the production process lifecycle

Based on the lifecycle analysis of physicochemical
potential of the metallurgical system under study, the
factors whose impact on the system will increase the
level of utilization of its physical and chemical potential
will be determined.

In a generalized form, “production potential” should
be defined as sources, means or opportunities that can
be used to solve problems to achieve a certain goal in
a certain area by creating appropriate conditions for
the realization of useful components of the potential. In
essence, this category defines the capabilities of the
relevant object to use its properties in modern produc-
tion processes, which have been hidden until a certain
time.

The metallurgical industry is a complex of enter-
prises engaged in multifunctional activities that must
be stable in development and resistant to negative
risks and threats of both external and internal origin.
The balanced use of the properties of the components
of the initial production potential of enterprises in this
industry ensures its stable development. Interaction of
external factors and properties of the potential is a con-
dition for the effective implementation of the life cycle
of the production process in terms of final results. The
properties of potentials of artificially created methods
of external influence are used in almost all known
spheres of activity created by using the intellectual
component of human personal potential.

During the evolutionary development of society with
the corresponding development of the individual's in-
tellect, in accordance with the requirements of society,
the quantitative, qualitative composition and ratio of
useful properties of the potentials determined for use
changed. The capabilities of this component of the in-
dividual's potential are used to improve technology and
equipment, develop resource-saving, energy-efficient
and rational production methods for mineral raw mate-
rials and energy resources. This potential also allowed
us to develop our own clone, artificial intelligence.

Analytical review of recent studies and publica-
tions. The paper examines specific varieties of the cat-
egory “potential” by identifying their components,
sources of origin, conditions of formation, and direc-
tions for the rational use of their elements.
Data on the depletion of mineral resources indicate
that the currently known reserves of mineral raw mate-
rials will be exhausted within the coming decades [1].
According to the Mining Encyclopedia [2], which is
based on research from 2001, deposits of aluminum
ores will be depleted in the next 55 years, chromium —

in 154 years, coal — in 150, iron —in 173, oil — in 50,
and natural gas - in 49 years.
Despite the discovery of new deposits of mineral re-
sources, the time when reserves of metal ores and
fuel-energy resources will be exhausted is approach-
ing. The recently developed “theory of natural resource
depletion” is interpreted as the “onset of natural hun-
ger.”

According to forecasts, the reserves of natural re-
sources will last for only 3 to 6 generations. Therefore,
solving this problem is vital for humanity. The period of
resource use on our planet can be extended by reduc-
ing their consumption, developing methods for their ra-
tional use, and involving alternative and renewable en-
ergy sources, as well as the useful potential of techno-
genic waste, in production processes.
Thus, in addition to the growing imbalance between so-
cietal development and natural resources outlined in
[1], it is also reasonable to add the irrational use of the
potential of mineral and energy resources in modern
production processes as a cause of the current situa-
tion.

Since the invention of production methods based
on human labor activity, all means created by humans,
as well as the possibilities of their implementation and
improvement, have come to be referred to as "poten-
tials."

Subsequently, these were classified according to
their specific properties, source of origin, usage direc-
tions, and impact on the environment.

According to our interpretation — which has the
right to exist — in order to evaluate the quantity and
quality of the capacities of natural and artificial re-
sources, researchers have borrowed the long-estab-
lished concept of “potential” from physics, mathemat-
ics, chemistry, and other exact sciences.

All material elements around us that have been cre-
ated by nature can be regarded as components of the
Earth's initial potential. Humans use them in their ac-
tivities.

The strength of the general potential and the rational
use of its natural and artificial components ensure a
country’s economic independence and sovereignty.

The analysis of research results concerning the es-
sence of the concept of “potential”’ revealed a tendency
toward constant changes in its interpretation [3].
Significant discrepancies were found both in defining
the essence of the category “potential” and in identify-
ing its components.
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Nineteen approaches to managing the competitive
potential of an enterprise were identified, which are
reasonably considered its components. The author of
study [4], analyzing the evolution of economic thought
regarding the enterprise potential from 1981 to 2018,
states that during this period, fourteen types of enter-
prise potential have been distinguished in domestic lit-
erature.

The systematization of approaches to defining the
essence of the category “potential” enabled the author
to identify three main types of potential: resource-
based, goal-oriented, and systemic.

In study [5], an attempt was made to classify poten-
tials according to their specific features.

For instance, the authors of [6] classified potential
using thirty criteria and identified as many as seventy-
four of its types. According to the authors, this makes
it possible to reflect various aspects of potential in en-
terprise management. Reflect — perhaps. But doubts
arise  regarding their  practical  application.
The author of study [7] believes that the elements of an
enterprise’s production potential are resources in any
way related to the functioning and development of the
enterprise. Choosing the most important ones from
such a large number is a complex issue.

The author further defines enterprise potential as a
complex system, which makes it impossible to study
without identifying its components and the links be-
tween them. Once again, defining potential solely as
an economic category, the researchers overlook the
fact that its origin lies in the exact sciences: mathemat-
ics, physics, and chemistry. It must be acknowledged
that the essence of the main properties of potentials,
as well as the corresponding processes, is physico-
chemical in nature.

Thus, the attempts presented in scientific literature
to classify the components of potentials based on their
specific characteristics are not perfect. The dynamic in-
crease in the number of identified potentials and their
components does not contribute to a deeper

understanding of the essence of these categories.
Many questions regarding the components of the met-
allurgical enterprise's potential remain debatable. An
important direction for further scientific research is to
determine the role and influence of production poten-
tial in the formation of the enterprise’s overall potential
in interaction with other types.

We believe that reaching a consensus amid the
large number of different perspectives on the compo-
nents of production potential is possible by identifying
individual components whose interaction forms the ba-
sis of the production process.

The author of [7] concluded that it is impossible to
produce highly profitable products and generate profit
without the full and rational use of an enterprise’s pro-
duction potential and the organization of uninterrupted
operations. Rational and full use of the initial produc-
tion potential is a rather complex task, and “full” does
not always mean “rational’. At certain stages of the
production process, the notion of “full” utilization may
even contradict the intended goal. Therefore, the an-
swer to the question of the most optimal ratio of these
characteristics can be found through an investigation
of the specifics of using the physico-chemical potential
of production processes, with a focus on determining a
sufficient level of its utilization to achieve the set objec-
tive.

Figure 2 presents a diagram of the formation and
rational use of the components of production potential
at the main stages of metallurgical production, which
takes into account:

the specific features of the metallurgical enter-
prise's activity,

the interconnections between its structural ele-
ments,

influence of external factors on the formation of its
components,

the correlations between the initial properties of
production process components and the qualities and
properties of the final product.

Resource component of the total production potential
of a metallurgical enterprise

End-to-end technological
production scheme

Raw material extraction

Manufacturing of
intermediates

Exportation

Product manufacturing

Domestic

Fig. 2 — Diagram of the Formation and Rational Use of the Components of Production Potential at the Key

Stages of Metallurgical Production
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The review of scientific sources conducted in this
study led to the conclusion that the most widely used
interpretation of the term “enterprise potential” is as a
combination of natural conditions and resources, op-
portunities, and reserves that can be utilized to achieve
the set goals. As important components of its produc-
tion potential, it is advisable to define the potentials of
raw materials, energy, technology, and equipment.
These components, in interaction, determine the char-
acteristics of the production process, and the category
of “enterprise production potential’, in our opinion, is
more universal in terms of the essence and importance
of its components.
It is also necessary to highlight the importance of other
potentials as measures for creating conditions for the
rational, safe use of the enterprise’s production poten-
tial: organizational-management, financial-economic,
psychological-emotional, compliance, and other com-
ponents.

The most common method in modern economic
methodology for assessing the enterprise's potential is
its cost and expense assessment [8]. In the study of
strategic management of the economic potential of a
metallurgical enterprise [9], the principles of potential
evaluation were substantiated; the characteristic fea-
tures of the enterprise’s potential as an economic sys-
tem were provided; the factors were analyzed, and the
technology of anti-crisis management of the enter-
prise's potential was defined.

Discussion of Results.

Nature, long before the appearance of humans,
created a resource, or more precisely, a raw material-
energy potential in the form of deposits of mineral raw
materials, coal, gas, oil, and others. Humans, in their
activities, utilize the beneficial properties of the compo-
nents of this potential, which have a physicochemical
basis.

In the course of its operations, an enterprise forms
its overall potential from the following components,
which determine the scope of their functional purpose
and realize their potential in technological processes:
production, innovation, financial, market, intellectual,
organizational, informational, investment, security, and
others.

The use of the formed initial production potential of
the enterprise should be viewed as creating conditions
for transforming the potential properties of the initial ob-
ject — the metallurgical system — into the real qualities
of the newly created object. It is important to note that
most studies on determining the characteristics of the
enterprise's potential analyze the significant organiza-
tional, managerial, security, and economic factors in-
volved in its formation and utilization. However, the
crucial issues concerning the use of the initial physico-
chemical potentials (FCP) of the components of the
real metallurgical system remain almost ignored by sci-
entists.

The dynamics of utilizing the components of poten-
tial are determined by the specific features and tech-
nological needs of the production processes.
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Continuous and rational use of the beneficial proper-
ties of the components of the production potential is
one of the conditions for ensuring the stability of the
processes that produce high-quality, competitive prod-
ucts. As a result of the use of certain properties, the
initial potential requires determining effective sources
and methods for its restoration, ensuring its reserves.

The stability of the enterprise's activities and its pro-
duction processes is a factor influencing the final pro-
duction results, determining both its qualitative indica-
tors and the rationality of the components of the enter-
prise's potential that were used. Stability is ensured if
the potential real resources of raw materials and en-
ergy meet the level of current resource needs, suffi-
cient for producing products in the planned period.

Thus, the basis for the majority of processes, both
of natural origin and those artificially created by hu-
mans, such as the production of metals and alloys, is
the use of the physicochemical potential of the re-
sources involved in them. The level of its utilization de-
pends on the effectiveness of external actions on the
physicochemical potential of the metallurgical system,
which consists of mineral raw materials, energy, and
other materials. The externally controlled action, which
has its corresponding potential properties (oxidizing,
reducing, thermal, etc.), takes the potential of the initial
physicochemical properties out of dynamic equilibrium,
initiating the development and realization of transfor-
mations at the relevant stages of the technological pro-
cess.

The methods of forming and implementing the
physicochemical potential of metallurgical systems
(FCPMS) have been realized in modern technologies
for the production of ferrous metals and alloys. Further
improvement of existing technologies is based on
achieving a rational interaction between the resource
and raw material component of the production poten-
tial and the potential of external influences on the met-
allurgical system in terms of costs for raw materials
and energy.

Conclusions.

Resource potential, as one of the main components of
the enterprise’s production potential, which is formed
from resources of natural origin and artificially created,
is defined as the synthesized physicochemical poten-
tial of their initial properties within a material object.
The latter, under the influence of external factors, can
transform its initial physicochemical properties into a
product with the expected quality and characteristics.

The category of “potential” requires not further pop-
ularization, but rather an expansion of the spectrum of
its components, as yet unused possibilities, which
should be determined based on scientific justification
of its appropriateness and practical significance for the
development of human activities. Greater attention
from scientists is required to address the problem of
increasing the utilization of the resource and raw ma-
terial components of the production potential of a met-
allurgical enterprise by justifying, developing, and
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applying effective methods of external influence on the
metallurgical system being studied.

It has been established that the development of the
concept of restoring the level of development of do-
mestic metallurgical production, which will have signif-
icant chances of implementation, is possible through
the mandatory fulfillment of the following conditions: re-
organization of relationships in the “market — enterprise
— state” system; achieving a balance between the pace
of development of economic and social processes as
required by society; changes in the market conditions
of the domestic and international markets for iron ore,
energy resources, and metal products, which will en-
sure the long-term stability of the raw material base of

the metallurgical industry and the sustainable develop-
ment of enterprises in the industry.

In conditions of uncertainty, counteracting the risks
that arise when internal regulations, conditions, and
rules are violated (the fulfillment of which is mandatory)
is the potential of functional properties of the compli-
ance control service, the use of which promotes the
targeted, safe, and high-quality use of the components
of the enterprise's production potential.

Priority tasks also include creating conditions for
enterprises, with substantial support from the state,
that will allow for the effective implementation of invest-
ment and innovation measures.
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Electromagnetic field effects on the kinetics of solid-state reduction of

BausiHue 3J1eKTPOMAarHMTHOTO 1OJISI HA KHHETHKY TBepPA0(a3HOTOo

BOCCTAHOBJICHUA OKCHUAO0B 7KeJ1€3a I'a3aMU

AHomauisi. Mema. Memoto pobomu € 0ocnidxKeHHS Qi3UKO-XiMiYHUX 3aKOHOMIpHOCMeU iHMeHCcUIKyo4020 ernusy ene-
KmpomazgHimHo20 rorisi Ha rpouec meepdogha3Ho20 8i0HO8IEHHS okcudie 2a3amu. Memoduka. ExcriepumeHmu rpoego-
Ounu y 3MiHHOMY MazgHIimHOMY ros1i 3 Yacmomoto 3MiHHO20 MoKy 8 iHOykmopi do 40 kY. 3 sukopucmaHHsIM mepmozpa-
simempuyHoi Memoduku. [pouec HenpsaMo20 8i0HO8IEHHs 00CIOXKYy8aru i3 USHaYEHHSIM CMYeHIo ma weudkocmi 8io-
HoereHHs1 okcudy y diana3oHi memnepamyp 973-1373 K 3 sukopucmaHHsaM Pi3HUX 3aii30- pyOHUX Mamepiaris. Pe3yiib-
mamu. Pesynbmamu nabopamopHux ekcriepuMeHmig cgid4amb rpo 8riu8 8UCOKOYaCMOMHO20 e/1eKMpPOMagHimHo20
rons, wo iHmeHcudgikye, Ha npoyec meepdoghasHo20 8iI0HOBMEHHS 3ani3opydHUX mamepiarig. [TodaHo hi3UKO-XiMidHY
modernb MexaHi3My iHmeHcugikyrodoeo srnusy EMI Ha npouec 8idHosneHHs. BucokoyacmomHe rone cymmeso rpuc-
Koproe npouyecu Oughysil, a makox nidsuwye efieKmpoHHy ma cmpyKkmypHy 0eghekmHicmb KpucmarniyHux rpam, wo ro-
3UMUBHO 8I11U8arslo Ha pPo38UMOK adcopbuitiHo-ximiyHOT naHKu. Haykoea Hoeu3Ha. ExcriepumeHmarsnsHo nidmeepoxeHo
erinue EMI Ha KiHemuKy 2a308020 8i0HO8IEHHS 3ani3opyOHux mamepiarnis. [pakmuyHa 3Ha4ywjicms. I[HmeHcugikauis
npoyecie meepdoghasHo2o 8iOHOBIIEHHS 3ari3opydHoI cuposuHu 3abeanedye iHmeHcugikauito npouyecy ma niduueHHs
podyKmMueHoCcmi rpoyecy.

Knroyoei cnoea: meepdoghasHe 8i0HOBMEHHS, iHMeHcuikauyisi, okcudu 3arnisa, 3MiHHe efleKmpoMazHimHe rorie.

Abstract. Objective. The aim of the work is to study the physicochemical correlations of the intensifying effect of an
electromagnetic field on the process of solid-phase reduction of oxides by gases. Methods. The experiments were carried
out in an alternating magnetic field with an alternating current frequency in the inductor up to 40 kHz using the thermo-
gravimetric technique. The process of indirect reduction was studied to determine the degree and rate of oxide reduction
in the temperature range of 973-1373 K using various iron ore materials. Results. The results of laboratory experiments
indicate the influence of a high-frequency intensifying electromagnetic field on the process of solid-phase reduction of iron
ore materials. A physicochemical model of the mechanism of the intensifying effect of EMF on the reduction process is
presented. The high-frequency field significantly accelerates the diffusion processes and increases the electronic and
structural defectiveness of the crystal lattice, which positively influenced the development of the adsorption-chemical link.
Scientific novelty. The effect of EMF on the kinetics of gas reduction of iron ore materials has been experimentally
confirmed. Practical significance. The intensification of solid-phase reduction of iron ore raw materials leads to the

intensification of the process and increase of the process productivity.
Keywords: solid-phase reduction, intensification, iron oxides, alternating electromagnetic field.

Introduction

One of the most important challenges facing the
steel industry today is to reduce mineral and energy
consumption, as well as to incorporate various man-
made materials into the technological process. The
most effective way to solve this problem is to further
develop the physicochemical basis and technological
aspects of solid-phase reduction of ore materials. The
share of metals produced by this technology in the
world is constantly increasing [1]. However, despite its
significant advantages, the existing technological
schemes of solid-phase reduction have a significant
drawback - low productivity. Currently, various meth-
ods of intensification of reduction processes have been
developed and successfully applied: physical, chemi-
cal-catalytic and energy impact on the reacting system.
Common to these intensification methods is the impact
on the diffusion and crystal-chemical links of the

© Grishin O.M., Velychko O.G., Grek O.S., Nadtochii A.A., 2025

reduction process. However, the intensification of
metal oxide reduction processes involving different
types of energy impact remains insufficiently studied.
Various external energy (physical) influences as
possible regulators of physical and chemical pro-
cesses have long attracted the attention of research-
ers. Thanks to numerous studies, the most significant
successes in this area have been achieved using elec-
tromagnetic and corpuscular radiation [2-6]. For exam-
ple, under the influence of a-particles, the decomposi-
tion reactions of carbon monoxide, its oxidation, and
many others are accelerated [6]. The observed effects
are due to the excitation of gas molecules, their ioniza-
tion, and the formation of atoms and radicals.
Radiation has a great impact on solids, including
oxide semiconductors. High-frequency electromag-
netic effects (visible light, y-rays, etc.) cause the ap-
pearance of super-equilibrium free electrons and

This is an Open Access article under the CC BY 4.0
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electron holes in crystals (possibly through an interme-
diate exciton state) [6,7]. Some of the free charge car-
riers can be localized on structural defects in the crys-
tal lattice. All this leads to changes in the chemisorption
and catalytic properties of the semiconductor surface.
[2,6,7].

High-energy corpuscular radiation (fluxes of a and
B particles, protons, neutrons, etc.) causes the appear-
ance of additional vacancies and inter-node ions in the
lattice of crystals [2,5,6,8]. The generated structural
defects, in turn, affect the concentration of electronic
defects in the semiconductor, its chemisorption and
catalytic activity. Similar shifts occur during the devel-
opment of nuclear reactions that lead to the appear-
ance of foreign atoms in the lattice.

Radiation not only affects the reaction of gases with
each other on the surface of solids (heterogeneous ca-
talysis) but also changes the rate of interaction of the
latter with gases. It has been established that irradia-
tion can accelerate the oxidation of metals and their re-
duction from oxides [9]. Author in study [10] has shown
a significant intensification of the reduction of iron ox-
ides by Hz2 and CO under the influence of ionizing and
gamma irradiation (during the reaction or preliminary);
at the same time, the temperature of the beginning of
the process decreased at a noticeable rate. It should
be noted that the positive effect of y-rays was also ob-
served when they were used simultaneously with cat-
alysts. The observed kinetic shifts are usually associ-
ated with favorable changes in the conditions of gas
chemisorption, weakening of metal-oxygen bonds, ac-
celeration of ion diffusion through crystal lattices, and
facilitation of the formation of new phases.

Acoustic effects of ultrasonic frequencies have a
wide range of effects on the course of physical and
chemical processes. They accelerate the processes of
dissolution and diffusion in solid phases, and some
chemical reactions [11]. It is shown in study [11] a sig-
nificant increase in the rate of iron oxidation by air, its
reduction by hydrogen and CO from oxides. These ef-
fects are associated with the intensification of external
diffusion mass transfer due to mechanical perturba-
tions of the gas medium; with the acceleration of solid-
phase diffusion and the facilitation of crystal lattice re-
arrangement due to their loosening by ultrasonic vibra-
tions, dissipation of wave energy at the gas/solid inter-
face.

There is information on the effect of external electric
fields on a wide range of processes [3,12]. Their impo-
sition on semiconductor materials, changing the sur-
face concentration of free charges, causes an electro
adsorption effect that allows regulating the donor-ac-
ceptor chemisorption of gases. By influencing the po-
sition of the Fermi level, external electric fields create
an electrocatalytic effect and affect the rate of chemical
reactions. In strong fields, semiconductors are en-
riched with additional charge carriers (mainly due to
thermoelectric and impact ionization), which also af-
fects the surface properties and reactivity of the solid.
It is worth noting the possibility of superimposing
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electron transfer on the diffusion flow in ionic crystals
and metals [4,12].

There is connection between the magnetic proper-
ties of solids and their catalytic and adsorption proper-
ties, and reactivity with gases and also influence of
magnetic fields on the development of some physico-
chemical processes. In recent years, a limited number
of works have been published on the kinetics of the re-
duction of iron oxides by gases under magnetic effects
(see [13-15]). The authors noted an increase in the rate
of reduction of iron oxides by hydrogen under the ap-
plication of a magnetic field and a decrease in the tem-
perature of the beginning of the process; in the flow of
CO and CHq4, there was no positive effect (in a constant
and alternating field). The established regularities were
unambiguously explained. For example, in [13], the ac-
celeration of the process was associated with the at-
traction of hydrogen orthohydrogen molecules by fer-
romagnetic solid phases and the resulting increase in
the pressure of the reducing agent near the reaction
surface. In work [14], the intensification effect was in-
terpreted in thermodynamic terms as the introduction
of an additional amount of energy due to the magnetic
field.

The kinetic regularities and the mechanism of re-
duction of iron oxides by gases under the conditions of
application of electromagnetic fields of different react-
ing frequencies (up to 5-10* Hz) to the system were
studied.

Experimental procedure

The reduction of iron ore samples streamlined by
gases was carried out at the installation, the scheme
of which is shown in Fig. 1. To generate electromag-
netic effects, it was additionally equipped with a water-
cooled inductor located coaxially with the reactor and
heating element.

In the case of generating low-frequency magnetic
fields, the inductor was a multi-turn copper wire sole-
noid. It was powered from the power grid through an
autotransformer, which allowed changing the field
strength H. A multivibrator was used to adjust the fre-
quency of the latter (f < 50 Hz). In experiments with a
constant magnetic field, the solenoid was powered
through a rectifier.

To create electromagnetic effects of high frequen-
cies (f = 50 kHz), an inductor made of a copper water-
cooling tube was used. It was powered and the field
parameters were controlled using a power generator
UZG 5-1.6 and a master generator GZ-33. The power
supplied to the inductor was set and maintained by an
indicator with a scale range from 0 to 100 relative units
(W). The voltage (U) was measured with a tube volt-
meter.

Various iron ore materials were used in the re-
search: chemically pure iron oxides and industrial con-
centrates. The following were subjected to reduction:
Fe203 of AG qualification, crystalline (particle size 0.5-
2 mm); iron ores in pieces and grains of various sizes
- Lysakovskaya (Fetota = 41.6-43.7%), Kryvyi Rih hem-
atite (Fetotal = 54.7%), magnetite (Fewta = 56.7%), rich
martite ore; raw and subjected to oxidative firing at



1523 K; fluxed agglomerate with basicity of 1.1 and
1.33 with oxygen content of 22.5 and 22.2%, respec-
tively.

Results and discussion

At the first stage of the work, the effect of alternating
magnetic fields of industrial frequency (f =50 Hz) on
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the rate of reduction (ur) of crystalline iron oxide (Fe)
by hydrogen was studied. The study revealed an inten-
sifying effect of external influences, which increases
with increasing Wz (Fig. 2).

i1

Fig. 1. The scheme of the experimental thermogravimetric setup 1-mechanoelectrical transducer; 2-scale
divider; 3-counter-EMF; 4-automatic potentiometer KSP-4; 5-basket with a sample of the material under study;
6-reactor; 7-thermocouple PR 30/6; 8-resistance furnace; 9-temperature regulator VRT-3; 10-gas cylinders; 11-
rotameter; 12-flow regulator; 13-valve box; 14-CO; absorber; 15-hoist; 16-saturator; 17-XA-thermocouple with
PP-63; 18-CO; absorbers; 19-H,O absorbers; 20-three-way valve, 21-water-cooled inductor, 22-frequency gen-

erator.
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Fig. 2. Effect of an alternating field on the reduction of Fe2Os by hydrogen at 773 K (a) and 973 K (b):

1-outside the field, 2-in the field H = 24 kA/m

Temperature variations in the range of 773-1073 K
showed that the application of a magnetic field accel-
erates the process most at 873-973 K. The character
of the kinetic curves remains the same (Fig. 3a). Up to
973 K, the reduction () developed stepwise; exceed-
ing this temperature led to a zonal flow of the process.
In the experiments at 773 K, the appearance of meta-
stable wustite was observed.

The effect of an alternating magnetic field on the
duration of the complete recovery of hematite Tw=100 in
the temperature range 773-1073 K is illustrated in Ta-
ble 1.

Similar patterns were observed in experiments with
powdered materials - chemically pure Fe203 and
Fes04. The magnetic field of industrial frequency
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significantly accelerated the oxygen removal almost
throughout the entire process (Fig. 3b).
Table 1.

Time of complete reduction of crystalline Fe203 by hydrogen under normal conditions and under the
application of an alternating magnetic field (H = 24 kA/m)

T,K 773 873 973 1073
o QOutside the field 34.5 26 21.7 17.2
=100 In the field 32 225 17.7 16
w [%] w [%]
100 - 100 -
2
SU =1 8{} -1 /
b
60 60 - 3
4
40 - 40 -
20 - 20 -
a) b)
0 ] Ll 1 L 1 0 L] 1 L 1
0 5 10 15 20 25 0 5 10 15 20
Time [min] Time [minf

Fig. 3. Kinetics of reduction of iron oxides by hydrogen under industrial frequency EMF: a) - Fe20s3;
1,2-873 K, 3,4-973 K, 1,3-outside the field, 2,4-in the field; b) - 973 K, powder; 1,2-Fe»03, 3,4-Fe304; 1,3-outside

the field, 2,4-in the field

The next stage of the work was to study the effect
of a high-frequency electromagnetic field on the kinet-
ics of gas reduction of iron ore materials. The studies
revealed significant opportunities to intensify the pro-
cess using this method.

The reduction of chemically pure Fe203z with hydro-
gen (300 cm®/min) showed that the application of an
EMF (f=25kHz; W =30, which corresponds to

w [%]
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80

60

40

20

10

Time [min]

The application of low-frequency magnetic fields
(f < 50 Hz) did not cause the charge to heat up. A ther-
mocouple inserted inside the powdered Fe203, Fe3O4
and Fe charges did not record any temperature
changes. Measurements during the reduction of gran-
ular Lysakivska ore with Hz at 873 K led to similar re-
sults.

A different picture was observed under conditions
of electromagnetic influences of high frequencies. A
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U=80V, H~5KkA/m) strongly accelerates the re-
moval of oxygen from the charge in the low tempera-
ture region: 573-673 K. Thus, w, which was achieved
in 20 min at 673 K, increased from ~ 40 to 70%, i.e.,
more than 1.7 times, and in the first 10 min of the ex-
periment - 1.6 times. Increasing the temperature re-
duced the intensifying effect: at 873 K, it increased
from 52 to ~ 65% or 1.25 times (Fig. 4).

Fig. 4. Effect of a high-frequency electromag-
netic field (f = 25 kHz, W = 30, H ~ 5kA/m) on the
kinetics of Fe20s reduction by hydrogen
(Wh2 = 300 cm3min): 1,2-673 K; 3,4-873 K; 1,3-out-
side the field; 2,4-under the influence of the field,
mode Il

thermocouple located under the sample showed an in-
crease in its temperature with a constant power con-
sumption by the heating element. This additional heat-
ing of the charge decreased as the reduction tempera-
ture increased. The test showed, however, that the ob-
served intensification of the process could not be re-
duced to a single heating (quantitative relationships
are discussed below).



Given the above, experiments with the application
of electromagnetic fields were carried out in two
modes:

| - to fix the temperature rise caused by external en-
ergy effects without changing the power supply to the
heater;

Il - to stabilize the temperature in the reactor core
by reducing the voltage supplied to the heating

w [%]
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80 A
3
60 - 2
40 - !
20 -
a
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0 5 10 15 20
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ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2025, Ne 3
Theory and Practice of Metallurgy, 2025, No. 3

element.

The transition from the first mode to the second nat-
urally reduced the accelerating effect of the field, but it
remained very significant (Fig. 5a). Increasing the flow
rate of Hz contributed to the development of the pro-
cess (Fig. 5b); however, the acceleration effect did not
increase, as was the case with low-frequency mag-
netic effects.

w [%)]
100 -
80 -
4
60 -+ 3
40 - 5
1
20 A
b
0 B T T T ) 1
0 5 10 15 20
Time [min]

Fig. 5. Kinetics of Fe20s reduction by hydrogen under high-frequency electromagnetic action
(f = 25 kHz, W = 30) at 673 K: a) - Wh2 = 600 cm®min, 1-out of the field; 2,3-under the influence of the field (2-
mode |, 3-mode Il); b) - mode Il, 1,3-out of the field; 2,4-in the field; 1,2-W\, =300 cm3¥min; 3,4-

Wh2 = 600 cm3/min.

During the reduction of Fe20s, a short incubation
period was observed, followed by a self-acceleration of
the process (Figs. 4 and 5). This may be due not only
to the peculiarities of the development of the crystal-
chemical link, but also to the heating of the sample af-
ter its transfer from the upper cold zone of the reactor
to the working zone. Under normal conditions, the ki-
netic reduction curves were characterized by kinks,

indicating a predominantly stepwise process. The ap-
plication of high-frequency fields shortened the incuba-
tion period and smoothed out the kinks; a shift towards
a zonal mode of process development occurred.

In general, similar patterns of the process and the
same nature of the electromagnetic field effect were
observed during the reduction of chemically pure
FesO4 (Fig. 6).

Fig. 6. The effect of high-frequency EMF (f = 40

kHz, W = 30) on the kinetics of FesO4 reduction by

hydrogen with Wh2 =600 cm®/min: 1,2-673 K; 3,4-
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3
40 - 3
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Calculations show that at W2 = 300 cm3/min, the
composition of the off gases at the first stage of Fe203
reduction is far from equilibrium. External energy influ-
ences do not significantly change this picture. At the
subsequent stages of the process, under normal con-
ditions, the H20 concentration approaches equilibrium.
In the case of superposition of fields, the water vapor
content reaches equilibrium and even exceeds it. This
should be attributed to some overlap of different

973 K; 1,3-outside the field; 2,4-in the field; mode |

degrees of recovery and inaccuracy of thermodynamic
data, especially at low temperatures. At an increased
H: flow rate of 600 cm3/min, the exhaust gases con-
tained a significant excess of reducing agent and gas-
eous products, apparently, did not significantly inhibit
the accelerating effect of electromagnetic fields.

The intensification of the process also occurred in
the case of reduction of chemically pure iron oxides
with carbon monoxide (Fig. 7).
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Fig. 7. Effect of a high-frequency electromagnetic
field (f = 40 kHz, W = 30) on the kinetics of reduction of
magnetite concentrate by carbon

monoxide at

(Wco =600 cm®min): 1,2-673 K; 3,4-973 K; 1,3 -outside

Time [min]

At elevated temperatures, an increase in ur was ob-
served throughout the experiment; the rate of the car-
bon gasification reaction, which proceeded slowly, was
weakly dependent on the application of external ef-
fects. In the low-temperature region, electromagnetic
fields accelerated the initial stage of oxygen removal
and simultaneously promoted earlier decomposition.
As a result, ur decreased, but, unlike the reduction un-
der normal conditions, it remained significant despite
the intensive course of the gasification reaction.

Table 2.

the field; 2,4-under the influence of the field; mode I.

The analysis of experimental data showed that at
W = 600 cm?®/min, the CO2 concentration in the off gas
at all stages of the recovery does not reach equilibrium
values.

The degree of acceleration of the process by elec-
tromagnetic effects significantly depended on their pa-
rameters: frequency and power supplied to the induc-
tor. In the tested frequency range, an increase in f to
~ 35 kHz generally accelerated the removal of oxygen
(some deviations were observed around 15 kHz; later,
the intensifying effect stabilized (Table 2).

Effect of the electromagnetic field frequency and power supplied to the inductor on the degree of
reduction of Fe20z by hydrogen during 20 min at 673 K (W2 = 600 cm®/min; temperature regime Il)

f, kHz with W = 30 Qutside the field | 2 10 20 30 40 50
wr=20, %0 545 64.5 68 66.5 74.5 78 78
W with f = 42 kHz Qutside the field | 10 20 30 40

wr=20, %0 545 58.5 67 78.5 92.5

An increase in the power of external influences at
different values of (f) proved to be very effective in
terms of process acceleration. As for the reduction of
Fe203 with hydrogen at 673 K, this is illustrated in Ta-
ble 2. Similar results were obtained in the region of
higher temperatures, as well as in the CO flow. For ex-
ample, in the experiments on the reduction of Fe3zOa4 by
carbon monoxide at 973 K, wr=2s in the field with
W =30 and 50, the reduction rate increased from
67.5% to 76 and 82.5%, respectively.

Studies of the gas reduction of industrial iron ore
materials have confirmed the significant potential of in-
tensifying electromagnetic fields of high frequencies.
The degree of acceleration of the process in experi-
ments with magnetite concentrate (Fig. 8) was close to
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that of chemically pure iron oxides observed during the
reduction.

The general patterns of the field effect were pre-
served during the transition from powder to granular
charge. Thus, in the experiments with Lysakivska ore,
the application of the field (f = 40 kHz, W = 50, which
corresponds to U =120V, H~ 3.5 kA/m) increased
the ur at 773 K by 1.5 times. This result was obtained
under conditions of stabilized temperature; in mode I,
the average value of ur almost doubled. In the region
of elevated temperatures, the effectiveness of external
influences decreased, but even at 1173 K, there was a
significant reduction in the time of complete recovery
(Fig. 9). No noticeable heating of the charge was
observed.
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The studies showed that the nature of the field fre-
quency effect coincides with that discussed earlier. As
before, the power of external influences was strongly
felt. This can be illustrated by the results of the reduc-
tion of magnetite concentrate with hydrogen at 973 K:
an electromagnetic field with a frequency of 25 kHz
and W = 30 increased the reduction from 63 to ~ 69%,
and in the case of W = 50, this value increased to 77%.

External influences significantly accelerated the re-
moval of oxygen from pelleted ore materials. The pos-
itive effect of high-frequency fields (f = 40 kHz, W = 50)
was established in experiments with oxidized magnet-
ite pellets. Even at an elevated temperature of 1173 K,
the oxygen recovery in the Hz stream increased from
58.5 to 68%, and in the CO stream from 24 to ~ 30%.

Conclusions

1. The intensifying effect of weak electromag-
netic fields with a frequency of 0.5-5-10* Hz during the
reduction of iron by gases - Hz, CO and their mixtures -
has been established.
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Fig. 8. Kinetics of reduction of magnetite concen-

trate by hydrogen (Whz = 600 cm3/min) under high-
frequency EMF (f = 25 kHz, W =30): 1,2-773 K; 3,4-
973 K; 1,3-outside the field; 2,4-under the influence of
the field; mode |

Figure 9. Kinetics of reduction of iron ore mate-
rials by hydrogen (W2 = 600 cm®/min) under con-
ditions of high-frequency EMF (f = 40 kHz, W = 50):
iron ore in grains 0.5-1.0 mm; 1,2,3-773K; 4,5-
1173 K; 1,4-out-of-field; 2,3,5-under EMF conditions;
2,5-mode II; 3-mode |;

2. High-frequency electromagnetic fields most
strongly accelerated the reduction of iron in the tem-
perature range of 573-773 K. With an increase in fre-
quency (up to 35-40 kHz) and intensity, the effective-
ness of their superposition increased.

3. Inthis temperature range, electromagnetic ef-
fects (f = 25-40 kHz; H = 3.5-5 kA/m) increased the
rate of reduction of chemically pure iron oxides and
Lysakivskiy ore by 1.5-2 times.

4. Studies have shown that the application of
low-frequency magnetic fields passivates the product
of metallization of iron ore raw materials. High-fre-
guency effects have different effects on the oxidisabil-
ity of the reduction product, but they do not lead to its
pyrophoricity. Only the iron obtained by reduction in a
variable cross-section reactor under pulsed effects on
the reacting system had high oxidisability. However, it
was eliminated by a ten-minute exposure of the metal-
lized concentrate at 973 K in an inert atmosphere.
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