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MATHEMATICAL MODELING OF CONTINUOUS METAL BEHAVIOR WITH DEFECTS
OF MACROSTRUCTURE IN THE ROLLING PROCESS

The mathematical model of the process of rolling a continuous cast billet with defects of
macrostructure on a smooth barrel and in calibers is presented. The boundary conditions are given by
the speed of rotation of the rolls, the restriction of degrees of freedom of the workpiece and the rolls,
as well as the coefficient of friction on the contact surface of the rolls-workpiece. For hot rolling, it
was considered permissible to consider rolling rolls as a rigid, non-deformable rigid body. For the
workpiece material used an elastic-plastic model of environmental behavior. There have been two
cases considered: rollerless rolling on a smooth barrel and rolling in rectangular caliber. The roll
material is steel, the surface is smooth. On the example of rolling in the first pass of the crimp mill, a
comparative analysis of caliber rolling and rolling in calibers was carried out. It is shown that rolling
on a smooth barrel has the potential to be used in the case of rolling continuous casting with
macrostructure defects. The influence of the basic rolling parameters: absolute compression and
temperature on the "healing" of macrostructure defects is made.
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Hagedeno ma cmeopeno mamemamuuny mooeib Npoyecy HPOKAMKU Oe3nepepeHOIUmoi
3a20mMoGKU 3 Oehekmamu MaKpoCmpykmypu Ha 21aokiti oouyi i ¢ kaniopax. Ipanuuni ymosu
3a0ar0mbcs WBUOKOCMI 00epManHs 8AKI8, 00MedICeH s CIMYNeni8 c8o000u 3a20Mo6KU | 8AIKIS, a
maxooic Koeghiyienmom mepms HA NOBEPXHI KOHMAKMY BANOK-3a20moeka. /[na eapauoi npoxamxu
88ANCANOCH OONYCHMUMUM  PO32AA0AMU  NPOKAMHI  GAIKU SAK JHCOPCMKe meepoe miNo, wo He
oeghopmyemvcs. [nsn mamepiany 3a20moeKu 6UKOPUCHIAHA NPYICHO-NIACMUYHA MOOelb NOBeJIHKU
cepedosuwa. byno posenanymo 0éa sunadku: 6eckaiubposoi npokamxa Ha 21aoKili 6ouyi i npoxamka
6 npsAmMoKymHomy Kaniopi. Mamepian eankie — cmanw, nogepxus eiaoxka. Ha npuxnadi npoxamxu 6
nepuiomy npoxooi 0OMUCKO80I 2pynu CMaHa nposedeHull NOPIGHANbHUL aHaAli3 60e3Kanioposol
npoxamku i npoxkamku 8 Kaniopax. [osedeno wo npoxkamka Ha 2naokiu 6ouyi mae nomenyian O/
BUKOPUCMANHSL 8 PA3l NPOKAMKU Oe3nepepeHOIUmol 3a20mosku 3 Oeghexmamu MakpoCmpyKmypu.
Buxonana oyinka éniugy 0CHOBHUX NAPAMEMPi6 NPOKAMKU: AOCOTOmMHe 0OMUCHEHHs | meMnepamypa
HA «3a1IKOGYBAHMAY 0eheKmie MaKpoOCmpyKmypu.

Knwwuoei cnosa: npoxamxa, Oeghexmu, 0Oe3nepesHOIUMA 3A20MOGKA;, MamemMamuine
MOOENB8AHHS, OOMUCKHA KNIMb, KAiOp.

Problem’s Formulation
In conditions of constant technological innovation and globalization of markets in front of
enterprises, rolled metal manufacturers the problem of increasing production efficiency and ensure
competitive products in demand quality. The use of continuous cast billets (CCB) of small cross
section revealed a number of problems that did not previously occur with using hot rolled. In the
greatest degrees this is typical for cases of production long products from quality structural and spring-
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spring brands steels. Formulation of the problem. CCB defects formed during solidification and may
to develop both inside the cast billet and on outer surface.
Analysis of recent research and publications

In most cases defects have a negative effect on production causing rejection or increase
production costs as a result the need to bring blanks in line with the required specifications before they
by rolling. Defects expending on the cause can be divided into two groups [1—3]:

— defects specific to a particular streams (found only on one stream due to hardware problems
or its settings, for example, due to mold defects, irregularities secondary cooling, improper settings
pulling and ruling rolls, etc.); defects specific to a particular swimming trunks (associated with the
properties of liquid steel and caused by overheating, the presence of impurities, deoxidation at the
stage of out-of-furnace steel processing). In relation to production conditions metal rolling from CCB
obtained in conditions:

— high-speed varietal caster with small bending radius, average figures of marriage by type
have the form: violations of the geometry of the CCB — 36.4%;

— macrostructure defects — 17.2%, cracks 31.9%;

— slag inclusions — 4.5% [2].

On many axial porosity is observed in the templates segregation strips and cracks, developed
columnar structure and asymmetry of the ingot zones. In this regard, questions related to the study the
behavior of defects in the macrostructure of continuously cast billets (shrink shell, gas bubbles, axial
porosity) in the process deformations are relevant following the behavior of these defects in recently
widespread mathematical (computer) methods simulation using software complexes like ANSYS,
DEFORM, QFORM, PLAST, etc. in which modeling carried out using the finite method elements.
Moreover, the variety of processes in each case requires its own approach to modeling techniques.

So in [3, 5] presented the results simulation of cutting and screw rolling processes solid blanks
in the software package Deform-3D. We studied the effect on the depth of the weight work piece
diameter, feed angle, roll calibration crimp mill, as well as the original shape of the ends blanks. In
[4], a mathematical simulation of the process of screw firmware blanks large diameter. The aim of the
work was to study with using the Deform-3D software package such parameters as a stress-strain state.

In [4], mathematical modeling of the process of screw-piercing large-diameter workpieces was
carried out. The aim of the work was to study using the Deform-3D software package such parameters
as the stress-strain state metal, the accumulated deformation in terms of the volume of the workpiece,
the nature of the development of the deformation, power parameters, firmware time, etc.

Of great interest is the work [5—7] in which mathematical modeling of the process of metal
deformation in calibers of various shapes was carried out. During the study, the influence of the stress-
strain state on the flow of the deformed metal in various zones of high-quality calibers, depending on
their shape, was analyzed. For modeling, the Deform-3D software package was also used. In [6], the
problems of calibration design were studied in order to reduce energy consumption and reduce the
likelihood of defect formation.

Thus, the aim of the work was to develop a mathematical model and conduct research into the
behavior of defects in the macrostructure of continuously cast metal during rolling.

Formulation of the purpose of the study

For mathematical modeling of the behavior of macrostructure defects during rolling, a
computer simulation software package using the Deform-3D finite element method was used.

The rolling process is quite complicated for modeling since it combines the rotational
movement of the rolls and the translational motion of the workpiece. To obtain correct results, it is
necessary to accurately position the workpiece relative to the rolling rolls and take into account the
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friction conditions at the contact [8—10]. It is also necessary to ensure the capture of the workpiece
rolls. As the boundary conditions are set the speed of rotation of the rolls, restrictions on the degrees of
freedom of the workpiece and rolls, as well as the coefficient of friction on the contact surface of the
roll-workpiece. For hot rolling it is permissible to consider the rolling rolls as a rigid undeformable
solid. An elastic-plastic model of the medium’s behavior is used for the workpiece material. Two
cases were considered: caliber-free rolling on a smooth barrel and rolling in a rectangular caliber. The
material of the rolls is steel, the surface is smooth. The diameter of the rolls in both cases was 600
mm. A non-cast cast billet with a section of 150x150 mm was chosen as the initial billet, the length of
the billet was 500 mm in order to exclude the influence of external zones. Central porosity was
modeled through a hole with a diameter of 4, 6 and 8 mm.

The appearance of the model after import into the Deform-3D software package and
positioning of the workpiece relative to the rolls is shown in Fig. 1. The geometric model of the
workpiece was divided into 70,000 tetrahedral finite elements. An elastic-plastic model was chosen as
a model of the behavior of the CCB material. Steel 45 was chosen as the material.

a) b)

Fig. 1. Geometric rolling model: a — in smooth rolls; b — rectangular gauge

The rolling temperature of the billet was assumed equal over the entire cross section of the
billet and amounted to 1000, 1100 and 1200°C. Temperature changes from contact with the rolls and
the deformation process were not taken into account. As conditions on the contact, the friction
coefficient was set equal to 0.4. Rolling speed — 0.1 m/s. The absolute compression ratio is 30, 40
and 50 mm. To ensure the capture of the workpiece by the rolls, a short-term pushing force was
applied to the end face of the workpiece [8].

Presenting main material

The following parameters were selected as output parameters for the analysis of the rolling of

an overburden with defects in the macrostructure in smooth rolls: absolute height strain hi, strain rate

i, stress intensity ;, and the degree of accumulated strain . Reading these parameters from the
computer model was carried out for 4 points located along the height of the workpiece: P1 is the
crimped face of the workpiece, P2 is j the height of the workpiece, P3 is the beginning of the axial
porosity zone; P4 — axis of the workpiece. Evaluation of the effectiveness of the axial porosity rolling
process was evaluated in terms of minimizing its size and creating a favorable stress-strain state [11].



Po3nin 2. MoaentoBaHHS Ta ONTUMI3allisl B TEXHOJIOTIT KOHCTPYKIIHHUX MaTepiaiis 169

Consider a comparative analysis of the rolling process in gauges and on a smooth barrel for the
following combination of factors: rolling temperature T = 1200°C, absolute reduction h =30 mm. A
comparative analysis of the nature of the penetration of deformation into the axial zone of the
workpiece is shown in Fig. 2.

The calculation data indicate that the penetration of high-altitude deformation into the axial
zone of the workpiece, and, consequently, the reduction in axial porosity, is greater in the case of
rolling on a smooth barrel: 1.6 mm versus 0.6 mm. A similar effect was observed when the rolling
temperature was set at 1000 and 1100°C. This allows us to conclude that the preferred use of rolling
on a smooth barrel in the first passes of the crimp group of the rolling mill.

The distribution of stress intensity is shown in Fig. 3. From the above data, we can conclude
that the level of stresses arising when rolling on a smooth barrel is 1.1 ... 1.3 times less than when
rolling in calibers.
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Fig. 2. Distribution of absolute deformation along the height of the roll (Tp = 1200°C, h =30
mm) during rolling: a — on a smooth barrel; b — in a rectangular caliber
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Fig. 3. Distribution of stress intensity along the height of the roll (Tp = 1200°C, h = 30 mm)
during rolling: a — on a smooth barrel; b — in a rectangular caliber
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Thus, as a result of preliminary calculations, we can make an assumption about the potential
of non-caliber rolling in the case of using blanks with macro-structure defects, since such rolling is
characterized by greater penetration of altitudinal deformation into the axial zone of the ingot and a
more favorable stress-strain state [11]. Based on the foregoing, for the initial study of the behavior of
macrostructure defects during rolling, the case of rolling on a smooth barrel was chosen. The
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calculation results are shown in Fig. 4. As a result of the analysis of the obtained dependences, we can
conclude that from the point of view of the maximum reduction in the axial porosity, the rolling
temperature of 1000°C and the absolute reduction of 50 mm will be most favorable. In this case, the
axial porosity is reduced to a minimum and will be eliminated during subsequent passes. At the same
time, as, for example, with an absolute reduction of 30 mm, the most favorable rolling temperature is
1200°C. Thus, the most rational combination of these factors can be discussed in the case of an
additional analysis of equipment capabilities and economic factors [11]. An analysis of the influence
of rolling factors on the stress state indicates that the rolling temperature has a greater influence on the
magnitude of the stresses, while the effect of absolute reduction is less. In any case, a lower stress
level is observed when the rolling temperature is exceeded to 1200°C and the absolute reduction is
reduced to 30 mm. A similar picture is also observed in the dependences of the accumulated degree of
deformation, however, here the influence of temperature is less than the effect of absolute
compression.

1000 1100 1200 Ty °C 1000 1100 1200 T, °C

a) b)

Fig. 4. Dependence on the magnitude of the absolute compression and rolling temperature:
a — penetration of high-altitude deformation; b — strain intensity; [11].

Conclusions
A mathematical model of the rolling process of CCB with defects in the macrostructure on a
smooth barrel and in gauges is developed. On the example of rolling in the first pass of the crimp
group of the mill, a comparative analysis of non-caliber rolling and rolling in calibers is performed. It
is shown that rolling on a smooth barrel has the potential to be used in the case of rolling of an
overburden with defects in the macrostructure. The influence of the basic rolling parameters was
evaluated: absolute compression and temperature on the “healing” of macrostructure defects.
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MATEMATHUYHE MOJEJIOBAHHS INIOBEJAIHKU BE3ITEPEPBHOJIUTOI'O
METAJY C AE®OEKTAMU MAKPOCTPYKTYPHU B IIPOLECI IIPOKATKHA
Memaninos C.K., Bosiomun P.B., Kpusennosn /I.C.

Pedepar

HaBeneHo Ta cTBOpeHO MaTeMaTHYHY MOJEIb IIPOLECY IPOKATKH Oe3NnepepBHOINUTOL
3arOTOBKH 3 AeekTaMu MaKpOCTPYKTYpH Ha Taakiid 604 1 B kaniopax. ['paHnYHI yMOBHU 33/1a10ThCSI
IIBUJIKOCTI OOEpPTaHHS BaJIKiB, OOMEXKEHHSIM CTYIEHIB CBOOOJU 3aroTOBKM 1 BaJKiB, a TaKOX
KOoeiIlieHTOM TepTs Ha MOBEPXHI KOHTAKTy (BaJIOK-3aroToBKa). J[ist rapsdoi mpoKaTKH BBa)alocs
JOMYCTUMHUM PO3TJISIIATH TPOKATHI BalKM SIK JKOPCTKE TBEpAE TUIO, 1m0 He aedopmyersest. s
Martepiaiy 3arOTOBKM BUKOPHCTAHO MPYKHO-IUTACTHYHA MOJIEIb MIOBEIIHKN CEPEIOBUIIA.

Byno posrisiHyTO nBa BHManku: OeckamuOpOBOI MPOKATKM Ha TNAiKid OO4Il i MPOKAaTKH B
MPSIMOKYTHOMY KajiOpy. Marepian BajkiB — CTajb, IMOBEpXHs riaaka. Jliamerp BanmkiB B 000X
Bunaakax cranoBuB 600 MM. B sikocTi BUXiTHOT 3aroTOBKH OyIJi0 00paHo Oe3MepepBHONIUTY 3aTOTOBKY
nepetuHOM 150%150 MM, mOBXKWHA 3arOTOBKH CTaHOBHUTH 500 MM, IJIsl TOTO 100 BUKIIOYHTH BILIHB
30BHINIHIX 30H. [leHTpanbHa TOPUCTICTH MOCITIOBANIACS HACKPI3HAM OTBOPOM JiaMeTpoM 4 MM, 6 MM
i 8 Mm. 3MiHa Temmeparypu BiJl KOHTakTy 3 BaJIkaMH 1 mporiecy nedopmalii He BpaxoByBaiucs. B
SIKOCTI YMOB Ha KOHTAaKTi 3a/aBaBcsi koediieHT tepts piBamii 0,4. LIBuakicte npokatku — 0,1 m/c.
Benmnunna abcomorHoro o6tucky — 30 mm, 40 MM i 50 mM. Ha mpuxiiazi mpokatku B mepuioMmy
MPOXO0Mi OOTHCKOBOi TPYNMHM CTaHA IPOBEACHO MOPIBHUIBHWHA aHaji3 O0e3KamiOpoBOi MpPOKATKH 1
NPOKAaTKH B KamiOpax.

JloBeneHo 110 MpoKaTKa Ha MiIaiKiii 0ouli Mae MOTeHLial 1J1l BUKOPUCTAHHS B pa3i MPOKAaTKU
0e3nepepBHOINTOI 3arOTOBKU 3 Ae(heKTaMH MaKpOCTPYKTYpH. BHUKOHAHO OLIHKY BIJIMBY OCHOBHHMX
napameTpiB NpPOKAaTKH: aOCOJIOTHE OOTHUCHEHHS 1 TeMmIeparypa Ha «3aJIiKOBYBaHHS» JE(EKTiB
MaKpoCTPYKTypH. Posrisganocs nBa Bumagku: OeckanuOpoBOM TpoKaTka Ha Diaikid Oowmi i
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MPOKaTKa B MPSIMOKYTHOMY KalliOpi. Matepian BankiB — cTaib, HOBEPXHs Tianka. JliaMmeTp BajikiB B
000X BUMaKax cTaHOBUB 600 MM.

B pesynbTaTi mMpoBeASHHUX JOCHTIIKCHb OYJ0 PO3pOOJICHO MaTreMaTHYHY MOJEIb IMPOLECY
npokatku HJI3 3 nedextammn MakpoCTpyKTypH Ha Tiajakiid 6oui i B kamiOpax. Ha nmpukiaai mpokaTku
B TEPIIOMY MPOXOAi OOKUMHOI TPYIH CTali NPOBEICHUN MOPIBHAUIBHHUMN aHam3 OecKaaTuOpoBOi
NPOKATKH i TPOKATKU B KaJliOpax.

[TokazaHo 110 MpoKaTKa Ha Ta/Kii 00Ul Ma€e MOTEHINa JUIi BUKOPUCTAHHS B pa3i MPOKATKH
HJI3 3 nmedextamMu MakpOCTPYKTypH. 3pOOJICHO OIHKY BIUIMBY OCHOBHHX MapaMETPiB MPOKATKU:
abcoroTHe OOTHCHEHHS 1 TEMIIepaTypa Ha «3aJliKOBYBaHHS» Ae(PEKTiB MAKPOCTPYKTYPH.
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