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A CONTRIBUTION TO DIGITIZING
THE DEFORMATION ZONE OF COMPLEX GEOMETRY

Abstract. The efforts for actualizing a breakthrough in technology and rising the level of the
sustainability of manufacturing systems via implementation of 14 and I5 have given significant im-
petus to the concept of the Digital Twins. In the context of the rolling industry, a propitious version
of a Digital Twin is a replica of the calibration (roll pass design). The calibration is an embodiment
of the instructions for the realisation of the rolling process, including design, monitoring, control
and maintenance. An aspect of fundamental importance in the calibration and in the design of digi-
tal twins is the mathematical definition of the geometry of the deformation zone and, in particular,
digitizing the incoming and exiting contours of the rolled solids. The proposed method for digitizing
the pass morphometry opens the gate for mobilizing the existing computing potentials and analytic
theories for improving the sustainability of rolling systems.

Keywords: calibration (roll pass design), calibre, groove, deformation zone, digital twin,
Chebyshev polynomials.

Introduction

The calibration (roll pass design) is an essential part of the technology of rolling long prod-
ucts. One of the central issues in calibration is the mathematical description of the geometry of the
deformation zone and, in particular, digitizing the incoming and exiting contours of the rolled sol-
ids.

The difficulty of choosing an appropriate mathematical description is due to the great variety
and complexity of the calibre forms, and it is inevitable that different approaches to this particular
task are required to solve different calibration tasks.

The earliest and simplest approaches in this matter were to reduce the complex shape of the
deformation zone to the simplest case of rolling a solid of a rectangular cross-section in the groove-
less rolls. This allowed for greater simplicity of performing calculations and analyzing the results
obtained in comparison with rolling in calibers, but also for the robust methodological approach,
according to which the calculations are reduced to the deformation of a conventional rectangular
solid rolled in grooveless (“flat”) rolls. This includes a widely known method of using the corre-
sponding rectangles (e.g. the rectangles derived by maintaining the actual cross-section width while
calculating the average height as the ratio of the cross-section area and the width).

The next approximation was to develop different calibration methods for specific calibre “sys-
tems” characterized by geometrical similarity of the contours occurring in a sequence of the rolling
passes. This approach is still the most common for the calibration of the both simple and the com-
plex geometries. Consideration of different calibre systems of a given shape is a big breakthrough in
relation to the above method of the corresponding rectangular sections. Nevertheless, this method is
very selective i.e. limited to analysing different geometries separately, without the possibility of ex-
tracting the analogous inferences). This limitation does not correspond to the current level of devel-
opment in the sciences and engineering.

The isolation of individual calibration systems from an infinite variety of possible options de-
prives us of the ability to find optimal solutions that can lie beyond the apparent boundaries. In oth-
er words, a significant disadvantage of analysing the isolated groups is that the relations defined ex-
clusively for a specific calibre system cannot be applied to other systems. Moreover, the precise de-
tails and boundaries of the calibre grooves are blurred thus allowing only for designing rolling pass-
es that are practically possible, but not for designing the calibres and passes that are optimised.
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For example, in the context of the calibre generalization, the rhombic calibre in Fig. 1 can be
transformed into a round calibre by increasing the fillet radius. Ignoring the reality that both shapes
are topologically equivalent prevents extrapolating and interpolating the interrelations obtained ex-
perimentally and/or theoretically from the broader family of the topologically equivalent geometries
[1,2].

v

Fig. 1. Sample for discussing the calibre topology

Further development, prompted by extensive use of personal computers, led to defining the
calibres by means of analytical functions. For example, V.S.Berkowski suggested using the Lame
curve, Eqgn (1), to describe the calibres of a simple form.
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h

This approach allows for defining a wide variety of geometries with sufficient accuracy (Fig. 2).
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Fig. 2. Analytic description of simple geometries

Despite the apparent simplicity and elegance, this solution is associated with significant diffi-
culties in calculating various calibration parameters. For example, calculating the calibre area in-
volves a gamma function, which requires decomposing the function into polynomials. In addition,
there are subtle deviations from the ideal forms defined by Eqn (1) which in practice result in sig-
nificant effects such as preventing the calibre overfill, mitigating the extreme wear, etc.

For that reason, various authors suggested using partial functions to describe the calibre seg-
ments for both the simple and the complex geometries (Fig. 3).

The disadvantages of such approach are not only the complexity, but also the inability to em-
brace in the common observation space the calibres that otherwise belong to the same system.

In attempt to overcome these problems, a method was proposed for describing the calibres us-
ing vectors (Fig. 4).
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This method allows for considerable accuracy with a large number of vectors and is well suit-
ed for computerised analyses of the broad variety of simple geometries. This straightforward meth-
od allows for adjusting individual vectors, which allows accounting for local changes in the shape
and the wear of the groove contours [4].
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Fig. 3. Description using node dots and couscous curves

Fig. 4. Vector description of the calibres [4]

In general, all above presented approaches imply that different methods of description are re-
quired to solve different tasks. Furthermore, it is possible to combine these different methods of de-
scription and integrate them in a hybrid models useful for solving a variety of the optimization
problems.

More recently, it has been proposed that the category of simple symmetrical grooves can be
efficiently defined using Chebyshev polynomials yielding the same advantages as the vector meth-
od [5]. In addition to enabling the convenient calculations of the calibre parameters, this approach is
applicable also to complex symmetrical geometries via convenient mathematical manipulations [5].

Kamu6posounoe 6ropo (www.passdesign.ru). 2021. Beimyck 18 7



CopTompokaTHOE TIPOU3BOJICTBO

In the pursuit for devising a generic transformation for the broader variety of the calibres in-
cluding the asymmetric cases, the method embracing most if not all geometries of a practical signif-
icance is proposed below.

Rationale

The contemporary science and engineering are characterised by an impressive development of
the information processors propelled by the so called Information Technology and the Computer
Science, which together resulted in the accelerated accumulation of industrial records collected
from the actual manufacturing processes.

The efforts to improve the industrial systems led to evolving the concept of digital twin-based
intelligent manufacturing through the integration of artificial intelligence, Internet of things, big da-
ta, cloud computing, information communication, to finally realize the online machine learning ap-
plications within the 14 and 15 systems [6-8].

In the case of the rolling technology, this means that the possibility of extracting the new use-
ful knowledge by analysing the immense repositories of industrial records has become a certainty.
The suitable route for applying big data analytics and constructing the digital twins includes digitiz-
ing the industrial records.

A significant number of variables defining a rolling mill, the operation system and the rolling
process itself (such as the tool dimensions, the distances along the rolling line, the number of the
available passes, the temperatures, velocity, roll separating force and torque, the yield, productivity,
the duration of the delays, the resource consumption data, etc.) are already recorded in digital for-
mat. However, the present format of the digital data defining the deformation zone parameters, in
particular the morphometry of the entry and the exit cross-sections of the rolled solid needs to be
translated into a more generic format. This is because the existing dimensioning conventions, and
indeed the geometries involved in manufacturing the similar products, differ to an extent that makes
the relevant industrial records mutually incompatible from the point of view of constructing a data-
base suitable for the statistical analyses.

Levandovskij [9] and Mikhailenko et al. [10] discussed the issues that emerge when the pass
geometry is described using mathematical terms. While the former has addressed the degree of dis-
cretization needed for sufficient representing the groove features, the later proposed fractioning the
pass contour in the three-dimensional space.

In fact, there is no need for introducing the 3-dimensional space since the rolling pass is, for
the most of analytic purposes, defined sufficiently by the entry and the exit cross-sections and by
the roll diameter. However, the simple analytic functions (a line, an arc, a parabola) are not suffi-
cient for identifying possible optimised details of the pass contour.

An additional issue of significance for controlling the deformation zone is the gradual change
in the groove morphometry due to continuous wear across the interface of the tool — the roll — and
the rolled material. The curves defining the profiles of the new and the worn surface need to be de-
fined using the same mathematical form. In this way, the tribological variables can be correlated
with the mathematical functions describing the change in the groove contour. From a purely mor-
phometric viewpoint, given other the same, the change in the groove contour due to the wear can be
correlated to the initial definition of the deformation zone, i.e. the definition of the unworn pass.

With having in mind the above, a viable solution for double symmetrical shapes and for mod-
erately complex cases with one axis of symmetry have been presented in [5]. In the following sec-
tion one solution for the more complex asymmetrical geometries is discussed.

A uniform procedure for defining the deformation zone morphometry

As outlined in [6] the deformation zone is sufficiently defined by the entry and the exit cross-
sections of the rolled solid and by the relevant measure of the roll diameters. While for the simple
cases discussed in [6] the orientation of the roll diameter(s) relative to the cross-section geometry
(or vice-versa) is straightforward, this orientation requires an elaboration for the asymmetrical cas-
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es. Figs. 5 to 9 provide illustrations for the proposed new method of solving this problem. For the
simplicity, the two-roll configuration is used, nevertheless, in the case of a three or four roll config-
urations the procedure for defining the diameter orientation is analogous to the case of two-rolls.

a b

Fig. 5. The initial double symmetrical calibre (a),
and the cross-section contour after rotating it for 90° (b)

The cross-section contour of the solid produced during the 1% pass in the double symmetrical
«box» calibre (Fig. 5) is entered during the 2" pass into the asymmetrical calibre shown in Fig. 6.

NEUTRAL LINE

Fig. 6. The calibre where the exit cross-section is formed during the second pass

The cross-section contour entering the 2" pass is defined by the contour positioned in the 1st
quadrant. The contour exiting the 2" pass needs to be positioned in the coordinate system in order
to define its partition relative to the initial coordinate system. The horizontal axis could be selected
to coincide with the so-called «calibre neutral line» (N.L.) yet, as shown in Fig. 7, there is an orien-
tation discrepancy between the neutral line and the initial coordinates. The two-dimensional scheme
in Fig. 7 shows an overlay in which the entering contour is superimposed on the cross section of the
calibre grooves at the instant of the first contact.

It should be noted that the locations of the initial contact points and the orientation of the en-
tering contour are based on a compromise, and in reality, do not necessarily coincide perfectly with
their actual configuration in the deformation zone. The disposition presented in Fig. 7 is based on
mathematical idealisation of gripping a rigid two-dimensional groove contours shifted to the equal
distances from the calibre neutral line. The entering «rigid» cross-section assumes the position that
allows for minimising the calibre gap under the condition that no part of the involved contours is
deformed.
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To eliminate this misalignment, the complete Fig. 7 is rotated counter-clockwise through the
angle defined by the vertex P and the conjoint axes marked in blue colour. The rotation centre is at
the initial origin defined in Fig. 5 by the intercept of the axes of symmetry.

This allows uncovering a feasible position for the exit cross-section in the initial coordinate
system. This is shown in Fig. 8 and 9, where the box cross-section assumes its original position.
The pass coordinate system then allows for dividing the exit cross-section contour according to the

procedure defined in [5]. The orientation (angle) for the groove roll diameter is defined relative to
the vertical coordinate.

o
-,
—
—
—
-~

Fig. 7. First contact at the entry of the deformation zone in the 2" pass

[

=

ROLL DIAMETER

Fig. 8. First contact at the entry of the deformation zone
and the groove inclination to fit the position of the entry contour in the coordinate system
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The following asymmetric passes downstream the rolling line are positioned analogously by
holding onto the axes of the initial box groove (the starting double symmetrical case) while rotating
the entry & exit cross-sections pair locked into their grip-contact points.

During the process of finding the contact points between the entering cross-section and the
calibre, the entering contour is been rotated until maximum four and minimum two contact points
are established. In the next step, both contours are rotated backwards about the origin (0;0) of the
initial coordinates (defined in the antecedent contour) until they return to the initial position. The
procedure for positioning the next following pass is illustrated in the Appendix.

[

l

Y

ROLL DIAMETER

e I

Fig. 9. The exit cross-section (coloured in red) positioned consistently
with the coordinates of the entering box cross-section

The described manipulation allows for portioning both entry and the exit cross section in the
four quadrants, as well as for defining the orientation angles for the roll diameters for each of the
passes.

The digitizing is then finalised by applying the procedure explained in [5] onto each of the
four portions of the contour separately. Each portion starts at its intercept with the y-axis and ends
as explained in [5].

After including other variables (chemical composition, temperatures, velocities, rolling loads,
the tool-roll-characteristics, etc.) the order of the vector dimensions reaches the level of 102,

The basic principles of calibration in rolling technology allow for routinely deriving the de-
tails of the groove contour transition to the roll collars — the light-blue coloured roll gap (roll clear-

ance) in Fig. 9 — while maintaining the optimised pass morphometry inferred by analysing the digit-
ized database.

Conclusions

The efforts for actualizing a breakthrough in technology and rising the level of the sustainabil-
ity of manufacturing systems via implementation of 14 and 15 have given significant impetus to the
concept of the Digital Twins. In the context of the rolling industry, a propitious version of Digital
Twin is a replica of calibration which is the embodiment of the instructions for the realisation of the
rolling process, including the design, monitoring, control and maintenance.

Kamu6posounoe 6ropo (www.passdesign.ru). 2021. Beimyck 18 11
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While attracting strong interest from the industry (the market is forecasted to reach over $15
billion by 2023) Digital Twin related engineering research is in its infancy [6], and hence the need
for the contributions such as presented in this manuscript. An aspect of fundamental importance in
the calibration and in the design of Digital Twins is the mathematical definition of the deformation
zone geometry and, in particular, digitizing the incoming and exiting contours of the rolled solids.

The proposed method for digitizing the pass morphometry opens the gate for mobilizing the
existing computing potentials and analytic theories and apply them for improving the sustainability
of rolling systems that lie in the heart of the largest known industries: the intermediate processing of
engineering materials.

It is significant to note that the proposed method conforms also to the simple double symmet-
rical geometries, thus eliminating the barriers for analysing the wide range of calibration cases with-
in the same space of observations.

The outlook of needing the vectors that comprise over hundred components is arguably re-
pulsing in the eyes of a human analyst. However, these vectors are not designed for processing by
the human minds—they are intended for the analyses performed by the Artificial Intelligence. Alt-
hough, we, the humans, are able of visualizing only four or at most six dimensional phenomena, we
are capable of visualizing, designing and employing, the machine learning tools that can analyse
multi-dimensional vectors and unravel the new knowledge buried in the myriad of the industrial
records.
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Appendix

Figs. I to 1V illustrate the pass orientation procedure for the third pass.
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a b
Fig. I. The entry contour (a) and the 3" calibre (b)

Note that the coordinates in Fig. la coincide with the coordinates of the initial double symmet-
rical contour (shown in the Figs. 5b and 9 in the manuscript body). The solid cross-section pro-
duced in the first asymmetrical calibre (Fig. 6 in the manuscript body) is entered into the asymmet-
rical calibre Ne3 as shown in Fig. .

ROLL DIAMETER

Fig. Il. The position of the entry cross-section at the instant of the first contact with the calibre.
Note that the complete Fig. Il is yet to be rotated in order to assume the orientation
required by the axes of the initial double symmetrical contour

For the 3" pass, the orientation of the coordinates needs to be identical to the pass 1 and pass
2 coordinates (shown in the Fig. 5b in the manuscript body). The initial horizontal axis of the cali-
bre 3 coincides with so-called «calibre neutral line». Since the initial position of the entry contour is
defined by the points of the first contact, the counter-clock rotation of the configuration shown in
Fig. Il is needed to orient the x-axis into the horizontal position (and the y-axis into the vertical po-
sition).
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ROLL DIAMETER

Fig. 111. First contact at the entry of the calibre 3 deformation zone;
the orientation of both entry contour and the calibre 3 is rotated to match the orientation
of the initial double symmetrical contour

This leads to uncovering a feasible solution for the orientation of the exit cross-section shown
in Fig. IV in red colour. The pass coordinate system then allows for partitioning the exit contour as

specified in reference [5]. The orientation (angle) for the calibre 3 roll diameter is defined relative
to the vertical coordinate.

A

Y

“ / ROLL DIAMETER

y

Fig. IV. Contour at the entry and the exit of the deformation zone showing the groove
inclination to fit the orientation of the initial double symmetrical contour

The point on the grove contour at which the roll diameter is measured, is selected as the point
of the first contact resulting in the smallest diameter value. When the nominal roll diameters are not
all equal, then the analogous procedure is required to define each roll diameter.

Digitizing the light-blue (cyan) coloured segments is not described in the above procedure.
The basic calibration design routines allow for deciding about such details. Notwithstanding, the

analogous procedure allows for digitizing the complete groove including the roll gap if the analysis
requires so.
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O.B.Kuaumesckuii, B.FO.Py6uos, /I.E.KaByn, K.E.CokoJioB
AO «EBPA3 HmwxHeTarnibCKHii METaJUTyprudeckuii KOMOMHAT

OIIBIT MPOU3BOCTBA 3AI'OTOBOK KBAJIPATHOI'O CEYEHUA U3 KPYI'JIOI'O

Annomayusn. Ha AO « EBPA3 HTMK» 6 yexe npoxamku wupoxonoiouHvlx 06a10K Oblid 0C80-
eHa MexXHONo2Usl N0 Nepekamy Kpyelou 3a20MO6KU PA3IUYHbIX OUAMempOo8 8 K8AOPAMHYIO, Umo
NO360JIUN0 YMEHbUIAMb OCMAMKU HEeIUKBUOHOU NpooyKyuu yexa. Texnono2us 0CHOBAHA HA UCNONb-
308aHUU 4ePeO0BaAHUsl VHUBEPCANbHBIX U 08YXBANIKOBbIX KAAUOPO8, YUMo NO36045€m NPOU3800Ums
yemotuuuswiti npoxkam. Takoce 3a20mo6ka, NONYYeHHAs: OAGHHbIM CNOCOOOM, umeem psad npeumy-
wecme no MakpoCcmpykmype.

Kntouegvie cnosa: 3a2omoeka Kpy2n02o ceyeHus, 3a20mo6Ka KAOpamHo20 cevyeHus, yex npo-
KAMKU WUPOKONOJIOUHBIX OANOK, cXeMd NpOKAmKU, KOIDDUyueHm GblmA}CKU, MAKPOCMPYKMypa
Memanna.

[Tpon3BOACTBO IpoOKaTa MPSMOYTOJIbHOIO CEUEHUSI MOXKET OCYILECTBISATHCS Ha OOJIBIINHCTBE
THUIIE CTAaHOB MPOJIOJIBHON MPOKATKH, BKJIOYAs JUCTOBBIE M COPTOBbIE. HU A1 KOro HE CeKpeT, uTo
10 PA3JIMYHBIM TEXHOJIOTHYECKUM MPUYMHAM BO3MOKHO ITPOU3BOJICTBO HEKOHAULIMOHHON MPOIYK-
muu. s mpokara Kpyrjoro ceueHusl NpUYMHAMHU HECOOTBETCTBHSI MOTYT CIIYKUTh CIEIyHOIue
NPUYHHBIL:

- OBaJILHOCTh 3arOTOBKH, MPEBbIIIAtONIast TpeOOBAHUS CTaHapTa Ha KPYTJI0e CEUYCHHE;
- HECOOTBETCTBHE MaKPOCTPYKTYPbI, XUMUYECKOI'O COCTaBa TPEOOBAHUAM 3aKa34uMKa,
- HaJINYME NOBEPXHOCTHBIX J1€(hEKTOB, BBIXOAIINX 32 IPEEIbl JOMYCKOB.

B TakoMm cimyyae mpou3BEECHHON 3ar0TOBKE Yallle BCErO0 MEHSIOT 1IeJIeBOE€ Ha3HauYeHHE U OT-
IpyKaroT MO IpYruM 3aka3aM. MHoraa naHHoe MeponpusaTie HEBO3MOXKHO OCYIIIECTBUTD, K IPUMeE-
pY, TpyOHas 3aroToBKa, KpyrJias 3aroTOBKa KOHCTPYKIIMOHHOI'O HAa3HAYEHMs WM 3aroTOBKa IS
MAaIIMHOCTPOEHUS 00J1a1al0T NPUHLIMIIUAIBHBIM OTJIMYMEM KaK [0 XUMUYECKOMY COCTaBY, TaK U 110
TpeOyeMol TNpenenbHbIM OTKJIOHEHHSM, MaKpOCTPYKTYpe, 3arps3HEHHOCTH CTald HEMeTajulnye-
CKMMHU BKJIIOYEHHMSIMH, B JJaHHOM CJIy4ae METaJlJl 3a OTCYTCTBHEM BO3MOXKHOCTU €r0 peaju3aluu
OTIpaBJISIETCS B NEpeIuIaBKy. B HacTosiee BpeMsl TOJIBKO B KOHCTPYKIIMOHHBIX 3arOTOBKax HC-
MOJIB3YIOTCS JIECATKH PA3IMYHBIX MapoK ctanu [1].

ITpu 3TOM, B HacTosIIEE BpEMS Ha PBIHKE UMEETCA psJl 3aKa30B Ha KBAJPaTHYIO 3arOTOBKY
HEOTBETCTBEHHOTO Ha3HaueHud. JlJis JaHHBIX 3arOTOBOK TpeOOBaHHA K XHMHUYECKOMY COCTaBY
CTpYNIIMPOBAHBI 110 YPOBHIO COJAEP)KAaHUS YIJIEPOAA U JIETUPYIOLIMX JIEMEHTOB, JKECTKUE OTPAHU-
YEHUSI 10 TEXHUYECKUM TpeOOBaHUSIM OTCYTCTBYIOT. IMEHHO /U1 TaKMX 3aKa30B MOYKHO HCIIOJIb30-
BaTb OTCOPTUPOBAHHBIE KPYTIJIbIE 3aTOTOBKH.

Ha ynuBepcanbHO-0a104HOM CTaHE I€Xa MPOKATKU MIUPOKOIonouHbiXx Oamok AO «EBPA3
HTMK» BO3MOXHOCTh YepefoBaHUs KaTuOpoB orpeaeneHa pacnoioxenuem kiereid BK1, 'VKI,
I'VK2, BK2, I'VK-3, rne BK1 — BcnomorarensHast kieth nepsoit rpynnsl, ['YK1 — rnaBuas yHu-
BepcallbHas KJIeTh nepBoi rpynmnsl, I'YK2 — rmaBHas yHuBepcanbHas kieThb 2-oi rpynnsl, BK2 —
BCIIOMOTaTeNbHast KiIeTh 2-0i rpynmsl, [ YK-3 — uncroBas knets [2].

[TorbITKM mepekaTa Kpyriioi 3aroToBkH, Obla mpeanpuHsaTa eme B 1978 roay [3], a B 1989
roJly MpeuIoKeH crnocod mepekara, UCHob3ys 4-X BAIKOBYIO cucTeMy KanuOpoB. CoriacHo npea-
JIOKEHHOM CXeMbI U3 KPYIJION 3arOTOBKU MPOKATKa MPOU3BOIMIACH B YETHIPEXBAJIKOBOM PeOPOBOM
Kamuope NpsIMOYTOJIbHOTO MPOGUIs C BBIMTYKJIBIMU Pa0OUYMMHU MOBEPXHOCTSAMHU TOPHU3OHTAIBHBIX
BAJIKOB, a 3aT€M B JIBYXBAJKOBOM KpPYIJOM KaJuOpe NMPYTOK 3agaercs B KaauOp, oOpa3oBaHHBIN
BaJIKaMU, UMEIOIIMMHU BBIMYKJIble paboune MOBEPXHOCTH, MPU OTHOIIEHWU BBICOTHI KaluOpa K ero
mupuHe B npenenax 1,1-1,8. 3atem mosoca B (hopMe HEBBIMOIHEHHOTO YEThIpEXI'PaHHUKA MPOKa-
THIBa€TCS B KPYTJIOM 2-BaJIKOBOM KaJuope.

[Tpu mpokaTke Kpyriioi 3arOTOBKM B NMPSIMOYTOJBHOM YETHIPEXBAJIKOBOM KajlHOpe odvar je-
dbopMaruu 3a cueT HEpaBEHCTBA BBHICOTHI M IIMPUHBI KAIUOpa JENUTCS Ha JBYXBAJIKOBYIO U YEThI-
PEXBAJIKOBYIO 30HBI. [lJI1 yMEHbILIEHUs JUIMHBI ouara JeopMaluy JIBYXBaJIKOBOM 30HBI M YBEJH-
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YEHUsl YETHIPEXBAIKOBOM, B NIPEIJIOKEHHOW CUCTEME BAJIIKM C MEHBIIIUM JUAMETPOM BBITIOJIHEHBI C
BBITTYKJIOW TTOBEPXHOCTHIO [4]. OgHAKO UCTIONIB3Ys TAKYI0 CXEMY BO3MOKHO OBLIIO TOJIBKO TIPOU3BO-
JIUTh KPYTIYIO 3arOTOBKY MEHBIIIETO AUAMETPA.

Cnermmamucramun AO «EBPA3 HTMK» 6butn pa3paboTaHbl cXeMbI MTPOKATKH, IO KOTOPHIM
BO3MOYKHO MPOM3BECTU MEpPEeKaT HEKOHIUIIMOHHOTO Kpyra B MPSIMOYTOJIbHOE CEUEHHUE HA YHUBEP-
casibHO-0a0uyHOM cTaHe. CXeMbl BKIIIOYAIOT B ce0s YepeJ0BaHNE YHUBEPCATIbHBIX U IBYXBaJIKOBBIX
KaauOpoB, C MOJyYEeHHEM COOTBETCTBYyIomiero npodwis. ns nmpumepa Ha puc. 1 mpencraBieHa
cXxema Mpou3BOACTBa KBaipaTHOro ceueHus 100 mm u3 kpyraoro ceuenus @150 mm.

63]—— 139 —| 102

Puc. 1. Cxemsl nepekara kpyrioi 3arotroBku ¥150 MM B kBaapaT co ctoponoit 100 MM 1o cucreme:
BK-T'YK-T'VK-BK-T'YK

12

114

i 100

—

| 127
98

116~=

GO0
|
[100

160 - —

[IpenmymiecTBa UCIIOIB30BAHUSI JAHHBIX CXEM OIPEAEIAETCS:

—  IOJYy4YEeHHEM roTOBOI0 NpOoQuIis, OTBEYAIOLIETO CTaHIapTY;

—  HUCHOJIb30BAaHUEM «MATKUX» O0XaTUH, ONpPEAENAIONIMX BBICOKUH pecypc BaJKOB M MHUHH-
MaJIbHbIE Harpy3KU Ha KIIETH;

—  TIpUMEHEHHEM CTaHJAPTHBIX KaTMOPOB M MPHUBAIKOBON apMaTypbl, KOTOPBIE MPUCYTCTBYIOT
Ha UMEIOIINXCS B HAJIMYMHU KOMILJIEKTaX BAJIKOB;

—  YCTOHYMBOCTBIO IOJIOCHI 3@ CYET UCIIOJIB30BAHMSI IOOUEPETHON OCAIKH CTOPOH;

—  TOJY4YEHHEM IUIaBHBIX PaJUyCOB, KOTOPBIE BBIKATBIBAIOTCS U3 OCHOBHOTO pajnyca Kpyra, TeM
caMbIM OTCYTCTBHME U3HOCA KAIMOPOB B 30HE (POPMUPOBAHUS PAJANYCOB KBAJPATOB.
KauecTBo nmomyyaemoii KBagpaTHOI 3arOTOBKM COOTBETCTBYET BceM TpeboBaHusiM. Ha puc. 2

IIPEJICTaBJICHA TApPTHs 3arOTOBOK, IIOJyYEHHAas 110 CXEME NepeKaTa U3 Kpyrioi 3aroTOBKH.

Puc. 2. KBaznparnas 3aroroBka co ctopoHoit 100 mm,
MOJIy4YeHHAas U3 3aroTOBKU Kpyrioro cedenus K150 mm

YuuTeIBas HOJ'Iy"IeHHI)II\/’I OIIbIT, HA TaKUX KBAJ[PATHBIX 3aroTOBKAaX OTCYTCBYIOT ITOBECPXHOCT-
HBIC HAIPSKECHUSA B 30HC MEPCXOoaa IMOBCPXHOCTU K PaaAnuyCy, T.K. B 30HC (I)OpMHpOBaHI/IH paanyca
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3aroTOBKa HCIBITHIBAET HE CXKUMAIOIINE (HAmpaBlIeHHBIC OT paguyca K IEHTPY 3arOTOBKH), a TaH-
TeHIMallbHbIe HanpspkeHHs (MO0 KacaTeabHOW B CTOPOHY (OPMHPOBAHMS paguyca), YTO CO3JAeT
OJIaronpUsATHBIC YCIOBHSI IS IIOTYYCHHS OJHOPOTHOM MakpoCTpyKTYpHI (puc. 3). CormacHo puc. 3,
Ha IpaHuIax nepexoja O0KOBOM I'paHu Ha PajnyC, 3€pHA OJHOPOJIHBIE, TUCIOKAIUA OTCYTCTBYIOT,
YTO yKa3bIBa€T HA PABHOMEPHOE YIUIOTHEHHE CTEHKH B CTOPOHY paauyca. YUHUTbIBas CBOOOTHOE
dbopMupOBaHUE PAIUYCOB KOHEYHOrO MNpoduis pa3HHIA MO paJuycaM COCTaBiIsieT He Oojee
2-x MM. EQMHCTBEHHBIM 0053aTeIbHBIM YCIOBHEM IS TIOJHOLIEHHOTO (OPMUpPOBaHUS TPOGUIISL
SIBJISICTCS BBITSDKKA, KOG OHUIIMEHT KOTOPOH JTOJDKEH COCTaBiIseT He MeHee 1,3.

Puc. 3. MakpocTpyKTypa KBaJpaTHBIX 3ar0OTOBOK cO cTOpoHOM 100 MM,
nepekaTaHHou u3 kpyra @150 mm

B Ttabiuue mpencraBieHbl CYIIECTBYIOIIME CXEMbl NMPOKATKM KBAJApaTHBIX Mpoduiiel u3
KPYTJIBIX 3arOTOBOK, IPUMEHHMbIE Ha YHHBEPCAJIHLHOM OalOYHOM CTaHE I1eXa MPOKATKU HIHPOKO-
nonoyHbix 6anok AO «EBPA3 HTMK». Ha nannyto TexHonoruto 6su1 opopmiieH naTesr [5].

Tabnnna
CxeMbl IPOKAaTKX KBaIPAaTHOM 3arOTOBKHU U3 3arOTOBKU KPYTJIOTO CEYEHUS
Huamertp 3a- [IpokaTpiBaeMo€e ceueHne, MM Koaddurment
TOTOBKH, MM BK1 I'YVK 1 T'VK2 BK 2 I'VK 3 BBITSDKKH
120 90x90 1,31
0”150 160x163 114x139 127x102 116x115 100x100 1,77
7180 146x182 150x134 121x175 130x130 1,50
0220 190x230 160x200 175x167 1,48

Takum 00pa3oM, pa3paboTaHHAs cXeMma MPOU3BOJICTBA 3arOTOBOK KBAJIPATHOTO CEUCHHS U3
HEJIMKBHUTHBIX KPYTJIBIX 3aTOTOBOK MO3BOJISIET MOBBICUTH SKOHOMUYECKHE TIOKA3aTeNIl PadOTHI 1eXa.
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Bbubanorpaguyeckuii cnucox

[IpousBoacTBo aByraBpoBbix Oanmok Ha EBPA3 HTMK B mocTosHHOM pa3BUTHH /
K.H.IIBenos, [1.E.KaByHn, K.E.Cokonos, O.B.Kumumesckuii // Ctranb. 2020. Ne6. C. 26—-27.
Kasyn JI.E., CBupunenko B.B., Pyonos B.JO. Beinmyck HOBBIX BHJIOB IIpOKaTa — OpUEHTAIUS
Ha norpebutens / Mertammypr. 2020. Ne6. C. 27-31.

ABTtopckoe cBunetenbctBo SU Nel475742 Al, MIIK B21B 1/16, Cucrema xanubpoB asis
npokaTtkn kpyribix  npodmierr /  b.A.Huxudopos, B.A.Xapurono, A.B.Kombes,
B.A.Xapuronos, A.B.Kaiizep, A.Il.Ilaniexkun; 3asgBuTens U nareHroo0aagaresib Maraurorop-
CKUH ropHO-MeTaiutyprudeckuii ”HCTUTYT uM. [.M.HocoBa — Ne4305606; 3asBi. 14.09.1987
omry611. 30.04.1989, G6romn. Nel6. 4 c.

ABtopckoe ceuaetenbetBo SU Ne722617, MITK B21B 1/08, Crioco6 nmpokaTku Kpyriioi cra-
mn / JLH.IIpumenko, I'.A.I'magkoB, @.E.JlomxenkoB, A.T.Beikamopos, W.JI.Xetlder,
B.A.CxyaHoB; 3asiBUTEIb ¥ TIaTeHTOOOManaTenb JIOHSKUH HAaydIHO-UCCIEA0BATEIbCKUN WH-
CTHTYT 4YepHOW Metamuryprun — No 260268/22-02; 3assn. 11.04.78 omy6n. 25.03.80,
Orom. Nell. 3 c.

Crioco06 mpow3BOJICTBA MPOKATa MPSIMOYTOJIBHOTO CEUYCHHS W3 HEKOHIWUIIMOHHOTO IpOKaTa
Kpyrioro ceueHus: nat 2745920 Poc. @enepanusa: MIIKS1 B21B 1/16 / O.B.Kunumesckuti,
B.1O.Py6moB, B.B.Twotepes, .E.Kasyn, B.B.Ceupunenko, B.C.Uypunos, K.H.IlIBenos; 3a-
SABUTENb U MaTeHTOoOanaTeb AKIIMOHEPHOE 001IecTBO HIbKHeTarnnpCckuii MeTautypruye-
ckuit komOuHat (AO EBPA3 HTMK) — Ne202010693; 3asen. 23.06.2020; omy6s. 2.04.2021,
Oron. NelO. 8 c.

INFORMATION ABOUT THE PAPER IN ENGLISH o

0.V Kilishevskij, V.Y.Rubtsov, D.E.Kavun, K.E.Sokolov
EVRAZ Nizhny Tagil Metallurgical Plant

EXPERIENCE IN PRODUCING SQUARE BILLETS FROM ROUND BILLETS

Abstract. At the EVRAZ NTMK JSC in wide-flange beams rolling shop, the technology of roll-

ing various diameters round billets into square billets one was mastered, which made it possible to
reduce shop's illiquid products remains. The technology is based on use of alternate of universal
and two-roll calibers, which allows stable rolled products production. Also, billet obtained by this
method has a number of advantages in its macrostructure terms.

Keywords: round billet, square billet, wide-flange beams rolling shop, rolling pattern, coeffi-

cient of elongation, metal macrostructure.
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A H.Yuxkuues
OI'bOY BO «MarHuTOropckuii rocyaapCTBEHHBIN
TexHU4YecKui yHusepcureT um. I'.M.HocoBa»

CHUXEHUE JIETUPOBAHUSA TPYBHBIX CTAJIEN
C COXPAHEHUEM TPEBYEMBIX MEXAHUYECKHX CBOHUCTB
ITPU IMMPOU3BOJACTBE TOJICTBIX JINCTOB

Annomayus. B cmamve npugooumcs anaiu3 803MONCHOCHU CHUICEHUSL COOEPAHCAHUSL BAHA-
oust 8 mpyouvix cmansax knacca npounocmu K60 na ocnose pazpabomiu KOMReHCupyiowux mexmo-
J02UYECKUX 8030€liCmEUIL.

Knouesvie cnosa: moncmoltl aucm, mpyousiii npokam, jlecuposanue, MexaHuvyecKue ceoli-
cmea, 8aHaoull.

K coBpeMEHHBIM MHKpPOJIETMPOBAHHBIM CTAJIAM [yl NPOU3BOJCTBA Ia30HE(TEIPOBOIAHBIX
TPpyO NPEABABISIIOTCS CaMble JKecTKhe TpeboBaHust. C 0OHOW CTOPOHBI, TPYOHAS CTallb JOJDKHA 00-
Ja1aTh BBICOKOW ITPOYHOCTHIO, BA3KOCTBIO U IIJIACTUYHOCTBIO, C IPYION — SIBJISATHCS YKOHOMHOJIETH-
poBaHHOM. J{7s1 MpOU3BOACTBA TaKUX CTaje€l Ha TOJCTOJUCTOBBIX CTaHAX NPUMEHSAETCS IPOLECC
KOHTPOJIUPYEMOH MPOKATKH C YCKOPEHHBIM OXJIAXKIACHHUEM.

B HacTosiiee BpeMst 0HOM U3 aKTyaJbHBIX MPOOJIEM SIBJISETCS MPOU3BOJACTBO TOJCTOIUCTO-
BOro mpokara ToJuHou 16,0-24,0 mm kitacca npouHoctu K60 6e3 ucmoab30BaHus TAKOTO MUKPO-
JIETUPYIOIIETo 3JIEMEHTA Kak BaHAAui. B TpyOHBIX CTalsIX BaHAIWI UCIOJIB3YETCs AJI YBEJIUYCHUS
IPOYHOCTU IyTE€M AMCIEPCHOHHOTO TBEPAEHUS 3a CYET BbLAEICHHUS KapOOHUTpuAOB. OmHAKO C
HKOHOMUYECKOM TOUYKHU 3pEHUsI BaHAJUN MOXKET OBbITh MCKIIIOUYEH U €ro poJib KOMIIEHCHpPOBaHA 3a
CYET JIONOJIHUTEJIBHOTO N3MENbUCHHSI 3epHa U yBeIHUeHHsI 00beMHOM 1onu Oeitnuta [1]. Haubonee
HSKOHOMUYHBIM CIIOCOOOM Il 3TOTO SIBJISIETCS HCIOJIb30BAHUE YCKOPEHHOI'O OXJIAXKJEHUS IOCIe
negopmanuu B aycTeHUTHOM obusacTu. [IpuMenss Gosiee BHICOKHE CKOPOCTH OXJIAXKJIEHHSI, MOKHO
JIOCTUYb JAIbHEUIIEr0 M3MENbYeHMs 3€pHa, NOCKOJIbKY OoJiee HU3Kas TeMIeparypa Hayana mpe-
BpalleHHus obecrieunBaeT OO0JIbIIIe 3apoIbIlIel B epeoXIakIeHHOM ayctenuTe. Kpome Toro, momy-
YEHHE MEJIKOI'0 ayCTEHUTHOI'O 3epHa IIPU MPOBEACHNUN MPEABAPUTENBHOMN CTalu KOHTPOIUPYEMO
NPOKAaTKU TaKXXe SIBISETCA OJHUM M3 TJaBHBIX YCIOBHH (hOpMUPOBaHUS IUCHEPCHONM KOHEYHOMH
CTPYKTYpHI B iucTte. TakuMm 00pa3zom, yIpouHsomui 3h(eKT 1ucnepcuoHHOro TBEPACHNS BaHaIU
MOKHO KOMIIEHCHPOBATh 36pPHOTPAaHUYHBIM YIIPOUHEHHUEM CTaJIM IIPU KOHTPOJIMPYEMOH MPOKATKE.

[lenbto paboOTHI ABIISETCS aHAIU3 BO3MOXKHOCTH CHUKEHHS COJICpKaHMSI BaHAIUS B TPYOHBIX
cransax knacca npoyHoctd K60 (cogepxkammx 0,04-0,06% Banaaus) Ha OCHOBE pa3pabOTKH KOM-
MEHCUPYIOIIUX TEXHOJIOTHYECKUX BO3ICUCTBUM.

CHmxkeHue cofepxaHus BaHaIWs NIPUBOJIUT, MPEXKIE BCEro, K CHUKEHUIO IPOYHOCTHBIX Xa-
PaKTEpPUCTUK CTaIM — Mpejesa TEeKYy4eCcTH U BpPEMEHHOT0 COMPOTHUBIICHUS pa3pbIBy. s Toro uro-
Obl OLICHUTh BJIMSHUE CHIDKEHUS BaHAJMS HA MEXaHWYECKHE CBOMCTBA, BOCIIOJIb3YeMCs U3BECTHbI-
MU MOJIEJISIMU:

— MOJIENIb pacueTa npejesia TeKydecTy [2]:

o1 =62,6+261Mn+60,2Si+7590P+2129 Cu+

+32860 Ny + 2L 4 A @)

/ d ppt
a
rne 0, — pasmep sepua deppura, mm; Mn, Si, P, Cu — cozepskanne snementos B ctamm, %; Nggj —
CBO60I[HLH>1 a3o0T, %, AO'ppt — HpI/Ian_IeHI/Ie HpOI‘IHOCTI/I cTajJn 110 MeX3.HH3My HHCHepCI/IOHHOFO

tBepaenus, Mlla;
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— MOJIENIb pacuyeTa BPEMEHHOI'O CONIPOTUBIIEHUS pa3phIBy [2]:
oz =164,9+634,7C +53,6 Mn+99,7 Si+6519P +472,6 Ni+

+33394 Ny + 22 + Acr . @

/o

3aBucuMocTH (1-2) yuuTHIBAIOT B3aUMOCBSI3b IIpEjea TEKYYeCTH U BPEMEHHOTO COIPOTUB-
JIEHUS Pa3pbIBY C COJEPKaHUEM OCHOBHBIX TBEPAOPACTBOPHBIX YIPOUHSIOIIUX AJIEMEHTOB, pa3Me-
pOM 3epHa ¢eppuTa U JTUCTIEPCUOHHBIM TBEPICHUEM.

[Tpupaiienre NpOYHOCTH CTAJIM MO MEXAHW3MY JUCIIEPCHOHHOIO TBEPIAEHUS ONpeaesseTcs
1O CJIEYIOIIeH 3aBUCUMOCTH [2]:

Ac e =57(1gU ., )+ 700V +7800N ¢ +19, ©)

oxJ1 )

rae AGppt — IpUpalleHue MPOYHOCTH CTalld MO0 MEXaHU3MY JHCIIepcHOHHOrO TBepaeHus, Mlla;

U,,, — ckopocTs oxnakuenus, rpag/cek; V — cozepikanne Banaus, %.

Pa3mep 3epHa (eppura nociie aycTeHUT-(HEPPUTHOTO MPEBPAIICHHS ONpeAeNseTcs Mo Gop-

myie [3]:
d, =(1-0,8:°%5)(29-5,T,_, +20f—e 0% ), (4)

rae d7 — pa3Mmep 3epHa ayCTeHHTa Mepe]l ayCTEHUT-QEpPUTHBIM IPEBpAIICHUEM, MKM; & — CyM-

MapHasi CTeNeHb JAe(OopMaly Ha YUCTOBOW CTAIMU TIPOKATKH.
N3 popmyn (1-4) cnemyer, 4T0 CHIYKECHHE COACPKAHMs BaHAIUS B CTAJIM MIPUBOAMT K CHHIKE-

HHUIO BCJIIMYMHBI A(Tppt , KOTOPOC MOKCET OBITh KOMIICHCHUPOBAHO YBCINYCHHUEM CKOPOCTHU OXIJIad-

KJICHUS W/WJIN U3MEJTbueHHEeM 3epHa (eppura.

CyliecTBeHHOE BIIMSHUE Ha pa3Mep 3epHa (eppura, B CBOIO OYepe/b, OKa3bIBae€T pa3Mep
ayCTEHMTA Iepe]] YUCTOBOU CTauel KOHTPOIMPYEMOM NMPOKATKU. MeTO0M KOHEUYHBIX JJIEMEHTOB
C MCIIOJIb30BAHUEM TTporpaMMHOro komiiekca DEFORM ™ ppimonnumy uncieHHoe ucciie0BaHue
BIIMSIHUSL PA3JIMYHBIX PEKHUMOB, UMUTHPYIOUINX MPEIBAPUTEIBHYIO CTaIUI0 KOHTPOJIUPYEMOH mpo-
KaTK{ Ha M3MeJbueHHe 3epHa aycTeHuTa. i1 MoJenupoBaHus 00pa30BaHUs 3apOoJbIIeH peKkpH-
CTJUTH3AIMU U MX pocTa ucmosb3oBaan Meton «Johnson-Mehl-Avrami-Kolmogorov» (JMAK). B
pacyeTax MCIOJIb30BaJIM YPaBHEHUS U3 paboThl [4].

MopenupoBanue MPOBOAUIN i TpyOHOU cTtanm kiacca mpounoctu K60 (0,07C-1,7Mn-
0,06Nb-0,015Ti, %). PaccmaTpuBanu aBa BapuaHTa 4epHOBOI ctaguu npokatku (tadm. 1): 1) mpo-
KaTka cis106a TonmuHoi 250 MM 3a 6 YepHOBBIX IMPOXOAOB; 2) MpokaTka cisidba TommuHoi 300 Mmm
3a 8 YepHOBBIX MIPOXO/IOB.

Tabmuma 1
PesxxnMbl 4epHOBOU ITPOKATKH
Ne mpoxona Bapmuanr 1 Bapuant 2
OGxarue €, % Temneparypa, °C | Ob6Gxarue £€,% | Temmeparypa, °C
1 12,00 1042 9,52 1084
2 13,64 1037 9,29 1045
3 13,16 1033 9,88 1042
4 12,12 1023 10,77 1037
5 13,79 1049 11,33 1033
6 12,00 1038 11,72 1023
7 - - 15,31 1049
8 - - 16,30 1038
Kamu6posounoe 6ropo (www.passdesign.ru). 2021. Beimyck 18 20




JIucronpokaTHOE MTPOU3BOICTBO

Temmeparypa HarpeBa cisiOa B me4n OJWHAKOBa B 000MX BapHaHTax W cocramisger 1220°C.
Koneunas tonmuua nmucra 24 mMm. Pemanu HenzorepMuueckyto 3anady. [Ipu moaenrpoBaHuu npo-
1ecca MPOKaTKU YYUTHIBAIM BIMSHUE TaKUX (PaKTOPOB Kak J1e(OpMAIMOHHBIN pa3orpeB MeTaa,
TeIUIonepeiaya BajakaM B ouare jedopMaiuy, MOTepu Terjia KOHBEKIHel 1 n3nydyenueM. Havanb-
HBII pa3Mep 3epHa ayCTEHUTa B MOMEHT BbIJIa4H Ci110a U3 MeYr NpUHsUIA paBHBIM 200 MKM.

PesynbTarel MogenupoBanus nokaszanu (puc. 1-4), yto ans 6omnee 3¢(HeKTUBHOIO U3Mebyue-
HUS 3€pHA ayCTEHUTA YEPHOBYIO MPOKATKY CIIEAYET MPOBOAUTH 32 OOJIbIIee KOJINYECTBO MPOXOJIOB

(7-8) ¢ wacTHBIME OOXaTHIMHU He MeHee 9%.
Pasmep
3CPHA. MKM

174

152

130

108 l

Puc. 1. Pa3mep 3epHa aycTeHuTa nocie 1-ro 4epHOBOro npoxoza
(mpu mpokaTke 1o BapuaHTy 1)

Pasaep
3CPHA. MKM

154

Puc. 2. Pa3mep 3epHa aycTeHHTa niepe]] YUCTOBOM CTaANEH MPOKATKU
(pu mpokaTke 1o BapuaHTy 1)
Pasmep

3CPHA, MEM

219

188

157

126 I

Puc. 3. Pasmep 3epHa aycteHuTa nocie 1-ro 4epHOBOTro mpoxoja
(Tpu IpoKaTKe 1Mo BapuaHTy 2)

Pazmep
3EPHA. MKM
108

757

596 '

Puc. 4. Pazmep 3epHa aycTeHUTA TIEpel YUCTOBOM CTaueH TPOKATKA
(TIpH MpOKaTKe 1O BapUaHTy 2)
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[Ipu >TOM B KauecTBe MCXOAHOM 3arOTOBKM HEOOXOIMMO NMPHUMEHATH CIS0 MaKCUMalbHOU
tommuHabl — 300-350 MMm. DT0 Mo3BOJIsIET Oosiee A((PEKTUBHO M3METbYaTh 3€PHO 3a CUET MHOTO-
KpaTHOT'O IIPOXOXAECHUS CTATUUECKON pEKpUCTAUIM3AMK BO BpeMs Iay3 Mexay npoxoaamu. Ilpu
MPOKaTKe Mo BapHaHTy | mepen YMCTOBOW cTagueil pa3Mmep 3epHa ayCTeHUTa Ha MOBEPXHOCTH pac-
Kara coctaBmi 68,3 MKM, a B nieHtpe — 154 mxm (puc. 2). Ilpu npokarke mno Bapuanty 2 pasmep
3epHa Ha MMOBEPXHOCTU COCTaBMI 59,6 MkM, a B ieHTpe — 108 MxMm (puc. 4).

BnusiHue pa3mepa 3epHa ayCTEHHTa M CKOPOCTH OXJIQXKJICHHs Ha pa3Mmep 3epHa Qeppura Imo-
clle ¥ —> O TIPEBPALICHUS C HCIIOIb30BAaHHEM MOJIENH (4) IpeCTaBIeHO rpagUUecKy Ha pUC. 5.

7.0 - . . . .
E 65 F /
5 6 Upn =10°C/cex |_—
;6.0 F ' T ' (]
E'.. 55 F / 1-} _/.
g - ]
5 50 | i e
= . // 20 /
= 45 F | | = I 1 |
. / / .
%‘ 3.5 kL /
Y ]
2 30 F : |
[a ¥ 25 |_/

2.0 ' L L L J

20 40 60 80 100 120
PEI'3]\I€p 3€pHa ayCTeHIITa, MKM

Puc. 5. BnusiHue pa3mepa 3epHa ayCTEHUTA U CKOPOCTH OXJIXKICHUS
Ha pasMep 3epHa peppura o TOCIIE ¥ —> ( TIPEBpPAIEHUsS

U3 rpaduka cremgyer, uTo mpu BelnwuuMHEe 3epHa aycteHuta 108 MKM B IeHTpe packata
1 59,6 MKM — Ha MMOBEPXHOCTH, OXJIAXKICHHE CO CKOPOCThio 10 rpaja/cex. mo3BoJigeT mojydarh 3ep-
HO (peppuTa pazmepom 6,7 MKM B IIEHTpE JHUCTA U 5,7 MKM Ha €ro MOBEpPXHOCTH. [l momydeHus
0oJiee MEIKO3epHUCTON KOHEUHOW CTPYKTYpPBI HEOOXOIUMO JIOTIOTHUTEIIFHOE H3MENbYCHUE ayCTe-
HUTA Ha MPEABApUTENHHON CTaJMU MPOKATKH, a TaKXKe MpUMeHeHue Ooyiee BBHICOKMX CKOpOCTEi
OXJTAXK/ICHUSI.

Pacuetsl ¢ ucnons3oBanueM mojaenu (1) mokaszanu, 4To s MOTYYEHHS CTANIM Kiacca Mpoy-
Hoctu K60 c mpenenom Texydectu He MmeHee 510 MIla nHeo6xoaumo, 4To0sl pa3mep 3epHa deppura

ObLT He Gostee 7 MKM, a BeTM4YKMHA Tipupaiienus Ao ppt cocraBsina He menee 110 MIla (puc. 6).

HpI/IpaH_IeHI/IC IMPOYHOCTU CTAJIN AGppt o MEXaHu3My OUCIICPCUOHHOI'O0 TBEPACHHUA B pC-

synbTaTe BoimanaeHus yactui V(C, N) onpeaensercst coaepKaHueM B CTajlu BaHAIMsI, @ TAKXKE CKO-
pocTbio oxJyaxaeHusi (puc. 7). PacueTsl ¢ ucnonb3oBaHueM Mozenu (3) mokaszajid, YTO CHHXKEHHE
conepxanus BaHaaus B ctam ¢ 0,06% mo 0 mpuBOAUT K CHUKCHHUIO Aappt Ha 42 MIla — co 112-

147 no 70-105 MIla B 3aBUCUMOCTH OT CKOPOCTH OXJIAKICHHUS.

Takum oOpa3zom, cHukeHue cojepxkanus BaHaausa ¢ 0,06% no 0 B TpyOHBIX cTayifx Kiacca
npoyHoctd K60 MoxxkeT OBITh KOMIIEHCHPOBAHO YBEJIIMYEHHEM CKOPOCTH OXJaKICHHUS M0
20-24 Tpan/cex u u3MenbueHHEM 3epHa (epputa 10 5-6 MKM 3a cuer Oonee 3¢ ekTUBHOM mpopa-
0O0TKM ayCTeHHTAa Ha MpeABapUTEIbHON cTaauu NpoKaTku. [IpoMbliieHHOEe 0poOOBaHNEe HA CTaHE
5000 ITAO «MMK» pazpaboTaHHBIX MEPOIPHUITUI MMOKA3aJ0 BBICOKYIO CXOAMMOCTH MOTYYEHHBIX
PE3yJIbTATOB MPHU MPOU3BOJICTBE MPOKATA TOIIIUHON 16-24 MM.
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\

d cf4 1\11{1\1:

590 | - - S ——

IIpemen Texyuectn Gp. Mlla
h
n
[
G\ |

L L 'l 'l L il L J

70 80 90 100 110 120 130 140 150

H])II]JE’IHIGI—HIE [MPOYHOCTII CTAMI ITO MEXaHIT3MY

AucriepeniorHoro TeepAeriis AG . MlTa

Puc. 6. Bousinue pasmepa 3epHa deppura d o ¥ TIPHPAIEHHS IIPOYHOCTH Ao-ppt

M0 ME€XaHNU3MYy JUCIICPCUOHHOI'O TBEPACHUA HA IPEACT TCKYUCCTHU

AucrepcnionHoro TeepaeHn A, Mlla

VhpouHeHIIe 10 MeXaHIIRMy

60'0 I 2 L A ' A ' ]
0 0.01 0.02 0.03 0.04 0.05 0.06
CopgepskaHile BaHagILd, %o

Puc. 7. BnusiHue copeprkaHus BaHAAUSI B CKOPOCTH OXJIaXKICHUSI
Ha NPUPALLIEHUE TPOYHOCTH CTAIH IO MEXAHU3MY JUCIIEPCUOHHOIO TBEPACHUS

BriBoabl

C 1enblo CHH)KEHHUS COJIEpXKaHMs BaHAIUs B TPYOHBIX CTalsAX Kiacca mpouHoctd K60 mpu
MIPOM3BOJICTBE MPOKATa TONIMUHON 16-24 MM pa3paboTaHbI ClIenyIONMe KOMIEHCUPYIOIINE MEpO-
npusatus: 1) npumenenue cisidéa MakcumanbHoi TommuHbl — 300-350 MM 151 yBENTMYEHUsT KOJIHYe-
CTBa YEPHOBBIX MPOXOJ0B ¢ 5-6 10 7-8 ¢ nenpto 6osee 2 (PEKTUBHOTO W3MENIbUCHUS 3epHA ayCTe-
HUTA; 2) yBEeJIMUEHHE CKOPOCTHU oxJaxaeHus 10 20-24 rpaj/cexk.
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D.N.Chikishev
Nosov Magnitogorsk State Technical University

REDUCING THE ALLOYING OF PIPE STEELS WITH PRESERVATION
OF THE REQUIRED MECHANICAL PROPERTIES
IN THE PRODUCTION OF THICK PLATE

Abstract. The article analyzes the possibility of reducing the vanadium content in pipe steels
of strength class K60 based on the development of compensating technological operations.
Keywords: thick plate, rolled pipe, alloying, mechanical properties, vanadium.
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[Tpon3BoCTBO CHieIMaIbLHBIX BUIOB IMPOKATa

P.2.lllaxo0yTauHOB
TamkeHTCKHI rocy1apcTBEHHBIN TEXHUYECKUI YyHUBepcuTeT nMenu Mcinama Kapumosa

KAJIMBPOBKA HIAPOITPOKATHBIX BAJIKOB C IBYX3AXOJHBIMH BUHTOBBIMH
KAJIMBPAMU CO CMEIIEHHBIM IEHTPOM PYYbEB 1151 IPOKATKH
CTAJIBHBIX IOMOJIBHBIX ITAPOB IMAMETPOM 70 MM I10 I'OCT 7524-2015
COOBILIEHHME 1

Annomayus. B cmamve npusoosmcs pe3yibmamsl pac4émos 0CHOBHbIX 2e0MeMmpuieckux na-
PaAMempos Hape3aHusi WaponpoKamHo20 8AIKA HA MOKAPHO-GUHMOPE3HOM CMAHKe OCHAWEHHBIM
KONUPOBATIbHLIM YCMPOUCMBOM C HENPepbl8HO-USMEHAIWUMCA wazoMm. Pacuém xanubpoexu 6bi-
NOHeH O/ WAPONPOKAMHO20 BAIKA € 08YX3AXOOHbIMU BUHMOBLIMU KATUOPAMU CO CMEWEHHBIM
YeHmpoM pyubés 01 NPOKAMKU NOMOTbHBIX Wapos ouamempom 70 yum.

Kntouesvie cnosa: nomonvHvle wapwvl, UHMOBOU KAIUOD, WAPONPOKAMHBLI 6A10K, pebopod,
kynauxosuwlil konup, MathCAD 15.

ITpouecc mpokaTky IMIApOB Ha CTaHaX OCYLIECTBIISIETCA U3 KPYIVION NMPYTKOBOM 3arOTOBKH C
MIOMOIIBIO JIBYX BaJIKOB, UMEIOIIUX BUHTOBBIC KanuOpbl. [Ipn omHO3ax01HON KannOpOBKE 3a KaxK-
Il 000pOT BAJIKOB MpOKaThIiBaeTcs oAuH map. Ilpu MHOro3axoHoH kaauOpoBKe — YHMCIIO 1I1apoB,
BBIXOJIAIIMX U3 BAJIKOB 3a OJIMH 00OPOT, paBHO YUCILY 3aX0J10B BUHTOBOIO Kanuopa. [Ipu BeIxozae u3
BAJIKOB IIaphl MHTEHCUBHO OXJIAXKJAIOTCS B BOJIE M 3aKAIMBAIOTCS, YTO 00ECTIEYMBAET BHICOKYIO U3-
HOCOCTOMKOCTB IIApOB B MEJIBHULAX IS Pa3MoJia PyAbl, YIisd U LeMeHTa. J{1s NoBBIIICHNS TOYHO-
CTH M KauecTBa BaJIKOB U YIPOIIEHUs UX U3TOTOBJIEHUS pa3paboTaHbl ClEUAIbHbIE IPUCIIOCO0IIE-
HUS 71 HApe3aHUs Ha TOKAPHO-BUHTOPE3HOM CTaHKE BUHTOBBIX Py4Yb€B LIAPONPOKATHBIX BAJIKOB,
MMEIOIINX TIepeMEeHHBIH miar [1].

Hcnonp30BaHuE CTalbHBIX MENIOIIMX LIAPOB B CPAaBHEHHWU C YYT'YHHBIMH J1a€T CHUKEHUE
yIenpHoro pacxoaa mapoB ¢ 1,23 kr/rouny g0 0,765 Kr/TOHHY KOHIIEHTpAaTa, CHIDKEHHUE BPEMEHU
M3MEJIBbYECHHUS U, CIIEOBATEIBHO, YBEIINYEHHUE TPOU3BOIUTEIBHOCTH MEJIBHULL.

Bo3Hukina He0OX0IMMOCTh OCBOUTH BBINYCK CTAJBHBIX MENIOIIUX CTEPKHEW U IIapOB C BBI-
COKHMM Ka4eCTBOM, 4YTO TO3BOJIUT CHU3UTh CE0ECTOMMOCTh MPOIYKIIMU, KOTOPasi CETOTHS B )KECTKHX
PBIHOYHBIX OTHOILIEHUSIX UMEET pelIaollee 3HaueHHe.

[ToMonbHBIE IIAPHI BBITYCKAIOTCS MO MeXrocynapctBeHHoMy crangapty I'OC 7524-2015. B
Tabis. 1 mpuBeAEHbI MapaMeTphl NPEAETbHBIX OTKIOHEHUH U Macchl MOMOJIBHBIX IIAPOB IO BHILIE-
ykazanHomy ['OCTy.

[Tpu kanuOpoOBKE ABYX3aXOJHBIX LIAPONPOKATHBIX BAJIKOB HYKHO COOJIOJIaTh MOCTOSIHCTBO
CTaHJapTHBIX pa3mepos. lllaponpokaTHble BaJIKM B HalleM cilydae OyayT Hape3aTbCsl Ha TOKapHO-
BUHTOpe3HOM crtanke mozenu [IUII-500, ocHal€HHBIM CHENHMATbHBIM KOMUPOBAIbHBIM YCTPOM-
CTBOM JUIsl HAPE3aHUsI BUHTOBBIX IIOBEPXHOCTEN CO CMEIEHHBIM LIEHTPOM PYUYbEB.

Tabmuma 1
[TapameTpsl nomonbHBIX mapoB no 'OCT 7524-2015
. N Pacuernas
Y ci1oBHEIN Homunaneubeiii | [IpeaenbHble OTKIOHEHHUS IO HO-
HOMHUHAJIbHAs
JTUaMETp 11apa, MM JTUaMETpP, MM MUHAJILHOMY TUAMETPY, MM Macca mapos, Kr
40 415 +2,0 0,294
50 52,0 +3,0 0,580
60 62,0 +3,0 0,980
70 73,0 +3,0 1,600
80 83,0 +3,0 2,350
90 94,0 +4,0 3,410
100 104,0 +4,0 4,620
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IepenaTounoe OTHOILIEHHE KOMMUPOBAILHOIO ycTpoiicTBa paBHo | = 35. McxomusiMu mapa-
METpaMH IIIapOIIPOKATHOTO Ballka HmpuMeM: auameTp kamubpa Dy =735mm, uncno 3axonos

BHHTOBBIX PyubéB Kanmmbpa Z = 2.
OnpeiesnisieM NpeaBapUTENbHBIA IUAMETP 1Iapa NpU y4éTe KodPPUIMEHTa TEMIIEPATYPHOTO
pacIIMpEHns MeTaIa:
D 735
=—K = "= —725568mm, 1)
n, 1013

rae 77, =1,013 — xoaddurment, yauTsBaromuii TEMIEPaTyYpHOE PACIIUPEHHUs METaIa BO BPEMs

Dy

MIPOKATKH.
OmnpenensieM npeABapUTEIbHBIA AUAMETP 3aTOTOBKU € YYETOM KOod((ULIMEHTa pagualibHOTO
pocTa pa3mepa I11apa BO BpeMs IIPOKATKHU:

_ Dy, 725568

= 70,4435 0, @)
770 1,03

D3

rae 17 =1,03 — ko3 duimenT yunTeBaomuiA paguanbHBIA POCT METaJuIa BO BPEMs IPOKATKH.

OmnpexnensieM 00IIyI0 MPOTHKEHHOCTh KanuoOpa. [IpoTskeHHOCTh KanuOpa yCIIOBHO HU3Meps-
eTcsl B TpaJycax pa3BepTKH BHUHTOBOM JTUHHUH. 3a Hauyano KanuOpa MpUHUMAeTCs LEHTpP paguyca
KanuOpa, pacroI0KEHHOT0 Ha MPSMOH, MPOXOSIIEH BIOIb TOpLA BaJIka CO CTOPOHBI BBIXOJA TO-
ToBOro mapa. [lo pekoMeHgausIM UCXOJHBIX JaHHBIX IJI1 MPOCKTUPOBAHUS KAIUOPOBKH MpHUBE-

nEHHbIX [1] yuwureiBas mmuHy maponpokarHoro Bamka | .. =411mm npuauMaeM OpoTsSKEH-

HOCTb KanuOpa pasHblit @, =1013°.

Omnpenenum pabouyro JUIMHY BUHTOBOM JIMHUU PaBHOM MPOTSKEHHOCTH BUHTOBOTO Kanuopa:

ounm 360° 360

[[TaponpokaTHBINM BaJIOK IETUTCS HA JIBAa y4acTKa [2]: popMyIomuii Ha KOTOPOM OCYIIIECTBIISI-
eTcsl 3aXBaT 3arOTOBKU U €€ MOCTENeHHOe 00XKaThe B IIap, U OTJEJIOYHBIA y4acTOK, I/ie POU3BO-
JUTCSl KaTMOpOBKa 11apa M OTJEJIEHHUE €r0 OT OCTaJIbHOM 3aroToBKU. [IpokaTka MOMOJIBHBIX 1IApPOB
Ha IIapONPOKATHOM CTaHe MPOU3BOJAUTCS ABYMs BallkaMu. J/laHHBIE IIapONPOKATHBIE BAIKU OTIIH-
YaroTCs APYT OT JIpyra pa3MepaMu JUaMeTPOB CBSI3aHHbIE 3HAUEHUEM PaJInyCOB MepeMbIYeK pedop-
Il UX TPHUHITO O00O3HAYUTH KaK BaJOK C OONBIIUM JUaMETPOM — MpPaBbli U BAJIOK C MEHBIINM
JTMaMeTPOM — JIEBBIH.

[To pexoMeHIaMSIM BBIIIEYKAa3aHHOW JIMTEPATYPHI MIPUMEM MPOTHKEHHOCTH (POPMYFOIIETro 1
OTJIEJIOYHOTO y4yacTKa Uil IPaBOro U JIEBOTO BAJIKOB!

—  TpOTSHKEHHOCTH OTAEIOYHOrO yyacTka ¢, , =555° ¢, = =666°;

=399,466 1, (3)

- NPOTSKEHHOCTH (POPMYIOIIETO y4aCTKa:
Pp.n. = Pramop — Pon. = 1013—-555=458°,

4)
Ppr. = Pranuoy — Po.n. =1013—666 = 347°,

MunumanabHOE AO0IMYCKAEMOC 3HAUCHUC pauyCa MNECPCMBIYKHU OIPCACIIMM U3 CJIeI[yIOH_ICﬁ
bopMyIbL:
lin =1+0,04(Rg —10)=1+0,04(36,75-10) = 2,07 mm. (5)

Onpenenenrie 3HAYEHUN paguyca NEPEMBIYKH ISl TPABOTO U JIEBOTO BAJIKOB UMEET CIEAYIO-
AN BUJT.
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r,, =0,0395D, =0,0395-73,5=2,9013mn;

6
r,, =0,0972D, =0,0972-735=7,1458 um. ©)

B navane BuHTOBOTO KannoOpa Ha ydactke oT @ = 0° no ¢ =180° pagnycsl mepeMbIuKy 11
TPaBOro M JIEBOro BajkoB paBHel I, , =T,  =0.aum; na yuactke or ¢ =180° no ¢ =555° pa-

JMyC TepEeMBIUKH T mpaBoro Banka pased I, =2,9013am ; paguyc nepemMbluku 1Is JIEBOIO
Banka, Ha ydactke oT ¢ =180° no ¢ =666°, pasen I,  =7,1458mm. Ha dopmyromem

y4acTKe 3HAa4€HHUe pajuyca INepeMbIYKH IIPABOTO U JIEBOI'O BAIKOB OyIyT YBEIMUYHMBATHCA IO JIM-
HeifHoMYy 3akoHy. Ha puc. 1 npuBeneH rpaguk u3MEHEHUs IEPEMbIUKH IPABOTO U JIEBOTO BAJIKOB.

T

B’r

s MM

407
351
301
251
201
15
10
st @, 2pao

0 9 180 270 360 450 540 630 720 810 900 990 1080

e T[PABBIHN BAJTOK
s [TEBBIN BAJIOK

Puc. 1. I'paduk n3meHeHUs paguyca MepeMbIUKH IPAaBOTO U JIEBOTO BaJIKa

Ha ¢opmyromem yyacTke omnpeneiauM HadaldbHYIO BBICOTY peOOp/bl MO CIEAYIOIIEMY BbIpa-
KEHUIO!

h, =0,0418D, =0,0418-735=3,0754m. (7)

Jl1s mpaBoTO M JIEBOr0 BAJIKOB HayalbHAasl BICOTAa M M3MEHEHHUE BBICOTHI pebopisl Ha (op-
MYIOIIEM y4acTKe MPUHUMAIOTCS oJuHakoBbIMHU. Ha puc. 2 mpuseneH rpaduk U3MEHEHUS BBICOTHI
pedopabl O Beell ITTMHE BUHTOBOT'O Py4bsl IPAaBOTO U JIEBOTO BAJIKOB.

hy,h,, mm

407
351
301
251
201
15
107

st @,2pao

0 9 180 270 360 450 540 630 720 810 900 990 1080

e T[PABBIHN BAJTOK
s [TEBBIN BAJIOK

Puc. 2. I'paduk n3meHeHus: BBICOTHI peOOp bl MPABOTO U JIEBOTO BajKa
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MO’HO OTMETUTh, YTO BBICOTA PeOOPIBI HA OTJCIOYHOM YJYacTKe IOCTOSIHHA, a Ha (popmyro-
LIEM Y4aCTKE U3MEHSETCA 10 IMHEHHOMY 3aKOHY.

BriBoabI

Pa3paborana kanuOpoBKa MIapOMPOKATHOTO BaJIKa C IBYX3aXOAHBIMU BUHTOBBIMU KaJauOpaMu
CO CMEIIEHHBIM LIECHTPOM PYUbEB JUISl POKATKU CTAJIBHBIX MOMOJIBHBIX IIApOB JuaMeTpoM 70 MM.
[TpoBeneH pacuét pa3MepoB 3arOTOBKH, MPUBEACHBI OKOHYATENIbHbBIE MTapaMETPhl BBICOTHI PeOOP b
IpaBoro M JjeBoro Bajka. [losydeHHblE MaTeMaTUYECKUE BBIPAKEHMSI PEAIU30BAHBI B CpEle
MathCAD 15 mo pe3ynbraram pacd€ToB MOJyYEHBI COOTBETCTBYIOMMUE Trpaduku. Bee a3Tn nmaHHbIC
CIIy’KaT ISl JayibHEeiIero pacyéra kaanopoBku. OKOHYATEIBHBINA pacuéT OyAET U3JI0KEH B CIEIy-
IOIIEM COOOLICHHH.
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CALIBRATION OF BALL ROLLS WITH TWO-WAY SCREW CALIBRES
WITH AN OFFSET CENTER OF GROOVES FOR ROLLING STEEL BALLS
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Abstract. The article presents the results of calculations of the basic geometric parameters of
cutting a ball-rolling roll on a screw-gauge lathe equipped with a copier with a continuously
changing step. Calibration calculation is performed for a ball-rolling roll with two-start screw cal-
ibres with an offset center of the grooves for rolling grinding balls with a diameter of 70 mm.

Keywords: grinding balls, screw calibre, ball-rolling roll, flange, cam copier, MathCAD 15.
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