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DETERMINATION OF THE STRESSED METAL STATE DURING HOT
ROLLING BY THE FINITE ELEMENT METHOD

Purpose. Determination of the stress-strain state of the metal during the rolling of large ingots to prevent the
occurrence of internal defects, and determining the effect of forced cooling of the ingot surface during hot rolling on the
Stress-strain state.

Research methods. Finite element method, upper estimate method.

Results. Based on the finite element method, a comparative simulation of the stress-strain state of the ingot with
different cooling times was performed. As a result of the study, it was established that the forced cooling of the ingot
surface during hot rolling helps to reduce the probability of the internal continuity defect forming. The given results of
comparison of the distribution of strain intensity along the rolling cross-section in the basic version and with additional
annealing indicate a decrease in the probability of formation of discontinuities in the axial zone of the ingot. This, in turn,
proves the effectiveness of forced annealing of the surface layers of the ingot (workpiece).

Scientific novelty. A mathematical model of the distribution of the main stress state components was developed. It
took into account the redistribution of temperatures and, as a result, the mechanical properties of the metal according to
the height of the deformation focus during the hot rolling of relatively large blanks.

Practical value. The use of forced cooling leads to a significant increase in hydrostatic and normal stresses in the
axial zone, reducing the probability of the formation and subsequent growth of internal continuity defects. Thus, the
quality of finished products increases, in particular, valuable rolled products made of special grades of steel.

Key words: hot rolling, cooling of surface layers, redistribution of temperatures and stresses, ingot, stressed state,
mathematical modeling, finite element method.
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modernization of equipment and, therefore, significant
capital investments. There are also technological methods
that increase the quality of the rolled product, for example,
cooling the surface layers of the metal before its defor-

Introduction

During the rolling of relatively thick strips character-
ized by the ratio of the length of the plastic deformation

zone Lpl to the average thickness of the strip hcp in the
range Lpl/hcp=0.5...2.0, significant tensile stresses act in
the axial zone. At the same time, macro inhomogeneities
associated with the crystallization features of a continu-
ously cast billet or ingot are observed in the above zone.
The listed factors adversely affect the quality of finished
rolled metal.

Analysis of research and publications

There are various methods of intensification of plastic
deformation in the axial layers of the rolled strip [1-3]. The
most common methods include: increasing the diameters
of rolls, increasing single crimps, increasing the total de-
formation, etc. [4-5]. These methods require significant

mation, which leads to a decrease in the plasticity of the
contact layers, while maintaining the plasticity in the axial
zone of the rolled strip, and, therefore, to a significant
change in the stress-strain state [6-9]. To determine the ef-
fectiveness of the described method, a qualitative and
quantitative assessment of the stress-strain state of the
rolled metal is required under a non-uniform temperature
field [10-13].

The purpose of the work

The purpose of the study is to determine the effect of
forced cooling of the ingot surface during hot flattening on
the stress-strain state and closure of axial defects using a
software product based on the finite element method — De-
Form 3D.

© Ivanov A., Matiukhin A., Ben A., Kryvykh Yu., Kulabnieva O., 2023

DOI 10.15588/1607-6885-2023-4-7



p-ISSN 1607-6885 Hosi MaTepianu i TEXHOJIOTIT B METaIyprii Ta MamuHoOy iyBaHHi. 2023/4
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2023/4

Research material and methodology

A 4300 kg ingot made of steel 45 (AISI-1045) used at
PrJSC Dniprospetsstal was chosen to simulate the rolling
process. According to the passport, the axial porosity of the
ingot has a length of =~1000 mm and a width of =
~ 60 mm. Figure 1 shows a % part of an ingot with a cavity
of the above dimensions. Rolling of ingots was carried out
on the procurement cage according to the scheme presented
in Table 1. The sketch of gauges is presented in Figure 2.

Figure 1. "4 part of the ingot with a cavity of @60 mm,
weighing 4300 kg

To determine the effect of forced cooling of the sur-
face layers of the ingot on the stress-strain state, the process
of rolling on a crimping cage with different pauses before
loading the metal into the first gauge was considered. At
the same time, the conditions of the rolling process (friction
conditions, roll rotation speed, roll diameter, etc.) and the
rheological properties of the metal remained unchanged.
For the basic version, a cooling time equal to 45 s was cho-
sen, which corresponds to the average time of moving the
ingot from the area of the heating wells to the mold cage.
For the second option, the additional cooling time was 600
s, thus, the total time was 645 s.

For the basic version, the temperature of the ingot sur-
face is = 1060 °C, the temperature of the axial layers is =
1150 °C (Fig. 3a). In case of additional cooling, the surface
temperature of the ingot is = 895 °C, the temperature of the
axial layers is = 1150 °C, at the same time it is necessary
to note the presence of a zone = 50-60 mm thick with a
temperature of = 1090 °C (Fig. 3b).

After deformation, the temperature field changed as
follows (Fig. 4): in the basic version, the temperature of the
contact layers is = 1180 °C, the temperature of the axial
zone is =~ 1230 °C, with additional cooling, the temperature
of the cooled layers is = 1130 °C, the temperature of the
axial zone is = 1220 °C.

Table 1 — Rolling scheme #260%235 mm from ingot weighing 4300 kg grade 45

Calibe Pas Compres Extension Height Width B,
r sage number sion Ah, mm Ab, mm H, mm mm
650 650
1 75 5 575 655
2 75 5 500 660
canting
I 3 85 10 575 510
4 85 10 490 520
5 85 10 405 530
6 85 10 320 540
canting
7 110 20 430 340
8 110 20 320 360
1I canting
9 70 15 290 335
10 70 15 220 350
canting
11 11 90 15 260 235
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Figure 2. Calibrating the rolls of the crimping cage
Temperature (C) temperature gradient along the rolling section in the basic

815
929 Min
5 1150 Max

Step 645
Temperature (C)

669
669 Min
> 1150 Max

b

Figure 3. Temperature distribution across the rolling
section before deformation:
a — basic version, b — with additional cooling

It should be noted that the thickness of the cooled
layers is 65 mm, which is almost twice the thickness
(S =35 mm) of the pro-contact layers in the basic version.
The temperature difference of the axial zone in the
considered variants is only 10 °C, the temperature of the
surface layers differs more significantly, by 50 °C, the

Step 12558

Step 11088

b

variant is At = 50 °C, in the alternative variant it is almost
twice as large At =90 °C.

Temperature (C)

978 Min
1230 Max

Temperature (C)

894 Min
z 1210 Max

Figure 4. Temperature distribution along the rolling
section after deformation:

(a — basic version, b — with additional cooling)
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Research results

The data obtained as a result of modeling indicate that
the degree of use of the plasticity margin, according to the
Cockcroft-Letham criterion, is 28 % lower in the axial zone
and 17 % lower on the surface (Fig. 5), compared to the
basic version [14—16]. The distribution of the intensity of
deformations can be compared for the basic and the inves-
tigated variant of rolling (Fig. 6). At the same time, in the
studied variant, the intensity of deformation is higher in the
zones adjacent to the faces of the ingot, which are cooled
more intensively compared to the plane.

Step 12558

Damage

0.256 Min
Z 163 Max

s b

Step 11088

m1

Damage

)

0.000
0.141  Min

z 158 Max

x—b

b

Figure 5. Distribution of the degree of use of the plasticity
reserve by the rolling section:

a — basic version, b — with additional cooling

The size of the hole simulating the axial porosity of
the ingot in the basic version after the eleventh pass was
5.34x0.83 mm, in the tested version the hole is welded after
the eighth pass.

Step 12558

Strain = Effective (mm/mm)

0.000
1.72 Min
7 880 Max

b

Step 11088 3 !
Strain - Effective (mm/mm)

0.000
193 Min
7 7.69 Max

XJ

b

Figure 6. Distribution of the intensity of deformations by
the rolling section:

a — basic version, b — with additional cooling

Discussion

The given results of the comparison indicate a
decrease in the probability of formation of discontinuities
in the axial zone of the ingot, which, in turn, proves the
effectiveness of forced cooling of the surface layers of the
ingot (workpiece). At the same time, it should be taken into
account that the cooling leads to an increase in the rolling
force, so for the basic version, the maximum rolling force
was 9.27 MN, and for the tested one — 15.2 MN.

Conclusions

Using the finite element method (DeForm 3D), a
comparative simulation of the stress-strain state of the
ingot was performed with different cooling times — 45 s
and 645 s. As a result of the study, it was established that
the forced cooling of the ingot surface during hot rolling
helps to reduce the probability of the formation of internal
continuity defects.
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Mema pobomu. Buznauenns HanpyiceHo-0eopmosano20 Cmany Memary npu NPOKAMY8aHi KPYNHUX 3TUMKIE O
3an00ieanHI0 GUHUKHEHHIO GHYMPIWHIX Oehekmie ma GUHAUEHHs. GNAUBY NPUMYCOB020 NIOCMYNCYEAHHS NOBEPXHI
3AUMKA IO YAC 2apA1020 NPOKAMYBAHHS HA HANPYIICEHO-0ehOPMOBAHUTI CIAH.

Memoou oocnioxncennsn. Memoo cKiHUeHHUX elleMeHMi8, Memoo0 8epXHbOI OYIHKU.

Ompumani pesyromamu. Ha ocnogi memooy cKiHueHHUX eleMeHmié UKOHAHO NOPIBHSAIbHE MOOETI0BANHS HANDY-
IHCEHO-0ehOPMOBANHO20 CMAHY 3MUMKA 3 PI3HUM YACOM NIOCMYAICYBAHHS. Y pe3yibmami 00CiONCeHHs BCMAHOBNEHO, WO
NPUMYCO8e RIOCTYICYB8ANHS NOBEPXHI 3NUMKA NIO YAC 2apsAY020 NPOKAMYBAHHSL CHPUSIE 3HUNCEHHIO UMOGIPHOCIIT YMEO-
PpeHHsi BHympiwHix Oeghexmis cyyinbrocmi. Hageeoeni pesyniomamu nopieHsaHHs po3nooiny iHmeHcugHocmi deopmayitl
3a nepepizom poskamy 3a 6a3068UM apianmom ma 3 000aMKOBUM NIOCHYICYBAHHAM, C8I0UAMb NPO SHUNCEHHSL UMOBID-
HOCMi YMBOPeHb HeCYYiNbHOCMEN 8 0CbOBIl 30HI 3MUMKA, WO, CBOCIO 4ep2ol0, 00800UMb eheKMUBHICIb NPUMYCOBO2O
RIOCMYICYBAHHSL NOBEPXHEBUX ULAPIG 3TUMKA (3A20MOBKUL).

Hayxosa nosusna. Po3pobneno mamemamuyuny mMooeib po3nooilie 0CHOBHUX KOMNOHEHMIE HANPYICEHO20 CHAHY 3
VDAXYEAHHIM Nepepo3nodiny memnepamyp i, sk HACIIOOK, MEeXAHIYHUX 61ACMUBOCMEN MEMALy 3a GUCOMOIO BOCHULYA
Odeghopmayii nio uac 2apsa4020 NPOKAMYEanHs GIOHOCHO BEIUKUX 3A20MOBOK.

Ilpakmuuna yinnicmo. 3acmocy8anus NPUMYCOB020 NIOCNYHCYBAHHA 3YMOBIIOE iCMOMmHe niosuujenHs 2iopocma-
MUYHUX [ HOPMATILHUX HANPYIICEHb 8 OCbOBIU 30HI, WO, C8OEI0 YEP2OI0, 3HUICYE UMOBIPHICHb YMBOPEHHSL | NOOATLULO2O
3pOCMaHnts BHympiwnix oegpexmie cyyinoHocmi. Takum 4uHoM, niOSUWYEMbCS AKICMb 20M060I NPOOYKYIL, 30Kpema 6a-
PMICHUX NPOKAMHUX 8UPODIE 3 CEYIATbHUX MAPOK CMAEl.

Knrouoei cnosa: capsue npoxamysanisi, niOCmyicy8aHHs NOBEPXHEGUX Wapis, nepepo3nodil memnepamyp i Hanpy-
JICEHb, 3MUMOK, HANPYICEHUT CMAH, MAMEMAMUYHE MOOETIO8AHMHS, MEMOO CKIHUEHHUX eleMeHmIs.
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