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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 ma-
crostructure 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 macro-
structure defects. The influence of the basic rolling parameters: absolute compression and tempera-
ture on the "healing" of macrostructure defects is made.
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Hasedeno ma cmeopeno mamemamuyny mooens npoyecy npokamxu Oe3nepepeHoIumoi 3a20-
MosKU 3 OegheKmamu Makpocmpykmypu Ha 2a1aoxii oouyi i 6 xariopax. I panuyni ymosu 3adaromscs
weuoxKocmi 00epmaHHs 6ANIKI8, 0OMENCEHHsT CMYNEHI8 c60000U 3a20MOBKU | 8ANIKIE, d MAKOIC Koeqi-
YiEHmMoM mepmsi Ha NOBEPXHI KOHMAKMY 8ANIOK-3A20MO8KA. s 2apayoi npoKamKu 86axicaniocs 0ony-
CIMUMUM PO32A0amU NPOKAMHI 8ANIKU K JHCOpCmKe meepoe minio, wjo He oedhopmyemuvcsa. [na mame-
piany 3a20MmoeKu 8UKOPUCIAHA NPYICHO-NIACMUYHA MOOeNb N0GedinKu cepedosuwya. byno pozenamy-
mo 08a unAodKU: OecKAIUOPOBOI NPOKAMKA HA 21A0KI OouYl i NPOKAMKA 6 NPIMOKYMHOM) Kaaiopi.
Mamepian sanxie — cmans, nogepxusa 2iadka. Ha npuxnadi npoxamku 6 nepuiomy npoxooi oo6mucko-
601 epynu cmana nposederuil NOPIGHAIbHUL AHANI3 Oe3KANIOP0o60oi NPOKAMKU | NPOKAMKU 8 KAniOpax.
Hogedeno wo npoxamka Ha 2nadkit Ooyyi mae nomenyian 0aa GUKOPUCIMAHHS 8 pa3i NPOKAMKU De3-
nepepeHOAUMOL 3a20MO6KU 3 dedexmamu MaKxpocmpykmypu. Bukonana oyiHka éniugy OCHOGHUX Na-
pamempis npoKamxu.: abconomne 0OMUCHEHHS I MeMnepamypa Ha «3aniKo8y8anHsay Oepexmise Max-
POCmpYKmypu.

Knwwuogi cnosa: npoxamxa, oeghexmu, Oe3nepeeHoONUMA 3A20MO6KA; MAMeMamuyHe mooe-
JMIOBAHHS, OOMUCKHA KILIMb, KAiop.

Problem’s Formulation

In conditions of constant technological innovation and globalization of markets in front of en-
terprises, rolled metal manufacturers the problem of increasing production efficiency and ensure com-
petitive 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 de-
grees this is typical for cases of production long products from quality structural and spring-spring
brands steels. Formulation of the problem. CCB defects formed during solidification and may to de-
velop 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 pro-
duction 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]:
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— 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 di-
ameter, 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 li-
kelihood 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 com-
puter 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 move-
ment of the rolls and the translational motion of the workpiece. To obtain correct results, it is neces-
sary to accurately position the workpiece relative to the rolling rolls and take into account the 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 150150 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.
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The appearance of the model after import into the Deform-3D software package and position-
ing 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 bil-
let 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 com-
puter 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]. Consider
a comparative analysis of the rolling process in gauges and on a smooth barrel for the following com-
bination 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 roll-
ing on a smooth barrel: 1.6 mm versus 0.6 mm. A similar effect was observed when the rolling tem-
perature 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 roll-
ing in calibers.



Po3nin 2. MoaentoBaHHS Ta ONTUMI3allisl B TEXHOJIOTIT KOHCTPYKIIHHUX MaTepiaiis 169

— ..\\
[ =
L. S -
_ i e L
— | . Ty
— — e =
= s -
] = i -
1
B
-
— _l_wlf-\n‘
I
I
T
I =
= | u
| crmr u
= |
| —
= e L =
a) b)

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

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 calcula-
tion results are shown in Fig. 4. As a result of the analysis of the obtained dependences, we can con-
clude that from the point of view of the maximum reduction in the axial porosity, the rolling tempera-
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ture of 1000°C and the absolute reduction of 50 mm will be most favorable. In this case, the axial po-
rosity 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 anal-
ysis of equipment capabilities and economic factors [11]. An analysis of the influence of rolling fac-
tors 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 ob-
served 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.
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 over-
burden with defects in the macrostructure. The influence of the basic rolling parameters was eva-
luated: absolute compression and temperature on the “healing” of macrostructure defects.
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MATEMATHUYHE MOJIEJOBAHHS ITIOBEJIHKU BE3ITEPEPBHOJIUTOI'O
METAJY C JIE®OEKTAMU MAKPOCTPYKTYPHU B ITPOLECI ITPOKATKHA
Memaninos C.K., Bosiomun P.B., Kpusennos JI.C.

Pedepar

HaBeneHo Ta cTBOpeHO MareMaTu4Hy MOAENb MPOLECY NPOKATKH Oe3MepepBHOIUTOI 3ar0TOB-
KH 3 JeheKTaMu MaKpOCTPYKTYpH Ha TIafKid 0odi 1 B kaniopax. I’ paHUYHI YMOBH 3aal0THCS IIIBHI-
KOCTi 00epTaHHs BaJIKiB, 0OMEKEHHSM CTYIIEHIB CBOOOIM 3ar0OTOBKH 1 BAJIKIB, a TAKOXK KOe(illieHTOM
TEpPTS Ha TIOBEPXHI KOHTAKTY (BaJIOK-3aroTOBKa). [ rapsaoi MpOKaTKH BBaXKAIOCS IOMYCTUMHUM PO-
3IMIA0aTU IPOKATHI BaJIKU K JKOPCTKE TBEPAE Tijo, M0 He AedopmyeTbes. s MaTepiany 3arOTOBKH
BUKOPHUCTAHO IPY>KHO-IJIACTUYHA MOJIENb IIOBEAIHKH CEpelOBHIIIA.

Byno posrnsiHyTo ABa BUmanmku: OeckanmOpoBOi MPOKATKM Ha TIAAKiil Oovmi i MpOKaTku B
MPSIMOKYTHOMY KamiOpy. Matepian BaJkiB — cTaib, MOBEpXHs Iaaka. Jliamerp BankiB B 000X BHIIa-
nkax cranoBuB 600 MM. B SKOCTI BUXiIHOT 3arO0TOBKH OyJI0 00paHo Oe3MepepBHONIUTY 3ar0TOBKY IIe-
peturOoM 150x150 MM, TOBKHMHA 3arOTOBKHA CTaHOBUTH 500 MM, JUIst TOrO 1100 BUKIIIOYHTH BIUIUB 30-
BHIIIHIX 30H. LleHTpanbHa MOPUCTICTh MOJIENIOBANIAC HACKPI3HUM OTBOPOM AiaMeTpoM 4 MM, 6 MM i
8 MM. 3miHa Temmeparypu BiJl KOHTAaKTy 3 BajJKaMH i mporecy Aedopmalii He BpaxoByBaiucs. B sko-
CT1 YMOB Ha KOHTAaKTi 3a/1aBaBcs koedinieHT Tepts piBHuii 0,4. [IIBuakicts npokatkn — 0,1 m/c. Be-
nrnurHa abcomoTHOro 06THeKy — 30 Mm, 40 MM i 50 MMm. Ha npuknazai mpokaTKH B MEpIIOMY TPOXOi
0OTHCKOBOI TpyIH CTaHa MPOBEICHO MOPIBHAIBHUHN aHami3 0e3KkaniOpoBoi MPOKATKH 1 MPOKATKU B Ka-
Tiopax.

JloBenieHo 110 MPOKaTKa Ha TIaAKiH 00YIll Mae MOTEHIaN JIsi BAKOPUCTAHHS B pa3i MPOKATKH
0e3MepepBHOINTOI 3arOTOBKH 3 Ae(hEeKTaMH MaKpOCTPYKTYpH. BHKOHAHO OLIHKY BIIMBY OCHOBHHX
mapaMeTpiB MPOKATKH: aOCOFOTHE OOTHCHEHHS 1 TeEMIIepaTypa Ha «3ajlikOBYBaHHS» Me()EKTIB MaKpo-
CTpyKTypHu. Posrmsganocs aBa BUMAAKU: OeCKanMOpOBOW MpOKAaTKa HA TJIaJKii OodYIll i MpoKaTka B
NpsSIMOKYTHOMY KaniOpi. Marepian BajkiB — cTanb, HOBEpXHs Iaaka. JliaMmeTp BasikiB B 000X BUIIAI-
Kax ctaHoBUB 600 MMm.

B pesynbpTaTi mpoBeneHUX MOCHTIKEHL OYJI0 PO3pOOJICHO MaTeMaTHIHY MOJENH IIPOIecy
npokatku HJI3 3 nedextammn MakpoCTpyKTypH Ha Tiajakiid 6odi i B kamiOpax. Ha npuxiaai mpokaTku
B TIEPIIOMY TPOXO0/i 00KUMHOT TPYTH CTaJli MPOBEISHU OPIBHUIBHAN aHami3 OeckairnOpoBoil mpo-
KaTKH 1 IPOKAaTKH B KaTiOpax.

[okazaHo 1m0 MpoKaTKa Ha IMaJKii 00Ul Mae MOTEHIia JAJisl BAKOPUCTAHHS B pa3i MPOKaTKU
HJI3 3 medextamn MakpoCTpyKTypH. 3po0ieHO OLIHKY BIUIUBY OCHOBHHX MapaMeTpiB MPOKATKH: ab-
COJIFOTHE OOTHCHEHHSI 1 TEMITepaTypa Ha «3TIKOBYBaHHM Ne(DEKTIB MAKPOCTPYKTYPH.
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