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Summary. The aim of the study is to obtain the stress distribution through the thickness of the rolled
products along the deformation zone in the conditions of roughing rolling and in the conditions of quasi-stationary
temperature distribution during finishing rolling at the Steckel mill. The research has been performed by the
mathematical modeling based on the software application Abaqus CAE 6.14-2 and analytical modeling of the hot
rolling process of coils at the Steckel mill with dimensions of 15%1500 mm, made of steel grade S355JR+AR,
according to the requirements of EN 10025-2. The obtained deviations of the rolling force between mathematical
modeling, analytical modeling and actual data have comparable results and a similar trend of changes through
the passes, the average value of which does not exceed 1.54% and -1.77%. The beginning of the continuous layer
formation of equivalent stress during roughing rolling has been determined, and, accordingly, the beginning of
the deformation penetration through the entire thickness of the semi-rolled product has been also determined that
occurs in the pass 6 when deformation equals 14%.
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Statement of the problem. Advanced technologies and the latest equipment, which
have been developed recently, have given impetus to the production of rolled products with a
new level of quality characteristics, including requirements for microstructure, shear fracture
area, increased impact requirements and others. When developing a new technology and
mastering a new product mix, with increased requirements, manufacturers and scientists are
faced with problems that require further study. The way of solving one of these problems,
namely providing increased requirements for these quality parameters, is to study the influence
of the deformation degree on the stress distribution that occurs in the metal during rolling, and
its penetration through the thickness of rolled products along the deformation zone at different
temperatures.

Analysis of the available investigations. Among the research methods that are
conducted to study the rolling process, currently the most common are analytical methods [1-
3] and methods of mathematical modeling [4-10], which have become widespread with the
development of computer technology.

The application of mathematical modeling methods in processes of metals processing
by pressure allows to satisfy several purposes at the same time: to minimize expenses for
research and development of technological processes in the conditions of actual production, to
carry out in-depth research of processes of plastic deformation occurring in the experimental
deformation zone; to compare the results of the study through the mathematical modeling with
the actual results that have been obtained during production in order to identify bottlenecks in
the technology.
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Among others, through mathematical modeling, in-depth study of temperature
processes [11-13] has become widespread which are an integral part of the modern technology
for metals pressure treatment.

Due to the modern development of different variants of technological processes, such
as normalized rolling, thermomechanical rolling, with all its varieties, the principles of which
are the interaction, under certain conditions, between temperature and deformation, there are
still questions about their integrated study and impact on the final products quality.

The Objective of the work is to obtain the stress distribution through the thickness of
the rolled products along the deformation zone in the conditions of roughing rolling and in the
conditions of quasi-stationary temperature distribution during finishing rolling at the Steckel
mill; comparison of calculation results obtained by the mathematical modeling with actual
rolling results.

Statement of the task. To investigate the stress and strain distribution under the
conditions of the rolling process at the Steckel mill by the finite-elements method; compare the
calculation results of the rolling force parameters obtained by the mathematical modeling based
on the software application Abaqus CAE 6.14-2 with the actual results obtained at the Steckel
mill.

Mathematical model of the hot rolling process. The technological process and power
characteristics of the Steckel mill at Ferriera Valsider plant, Italy have been investigated in the
work. The scheme of the main technological line for the production of hot-rolled coils at
Ferriera Valsider plant is shown in Figure 1.
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1 — stand with vertical rolls; 5 — Steckel stand 1780;

2 —roughing stand of 3170; 6 — furnace coilers;

3 — pushing continuous heating furnace; 7 — equipment of laminar cooling;
4 — through roller furnace; 8 — coiler.

Figure 1. Scheme of the technological line for the production of hot-rolled coils at Ferriera Valsider plant

The characteristics of the experimental product mix and the actual rolling schedule are
given in Table 1-3.

Table 1

The product mix of slabs and coils under study

Heat number | Slab number | Steel grade Slabcr?;;sectlon, lecro;sr;]sectlon,
81518 A1/02005400 | S355JR+AR 220x1520%x9800 15x%1500
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Table 2

The chemical composition of the steel grade S355JR+AR under study

Heat Mass fraction, %
number | C| Si |Mn| P S |Cr|{Ni|Cu| Al | Ti | Nb [Mo| V N | As

81518 |0.14/0.023|1.40/0.014/0.003|0.05|0.18]0.02/0.035(0.005|0.034/0.01/0.005(0.007|0.005

Table 3

The actual rolling schedule of heat number 81518 on the stands of the Steckel mill
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It should be noted that in order to exclude calculation errors associated with the fixation
of the actual rolling temperature on the passes at the rolling mill, in the mathematical model in
the Abaqus CAE system, the results of the analytically performed calculation have been used
[14].

To build a model of metal physical and mechanical properties processed in the system
CAE (Complete Abaqus Environment) it is necessary to specify its density, elasticity and plastic
properties.

The finite-element model of a hot rolling process is built for the rolling process of steel
grade S355JR+AR according to the requirements of EN 10025-2, with the chemical
composition given in Table 2.

The following parameters were set in the Abaqus CAE system: density 7.8E-09 t/mm?;
Poisson's ratio — 0.3.

The modulus of elasticity has been given depending on the metal temperature t, °C
according to the following dependence [15]:

E =(213.286 —4.877 x10 %t —3.33x10°t? —2.778 x10 %t*) x10°, MPa. (1)
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The true resistance of the metal was determined according to the method of
L. V. Andreyuk and G. G. Tyulenev, by the chemical composition [16]:

o5 =S, u” (10£)" (t/1000)°, )

where u — is the deformation rate, s~1; £ — is the relative deformation degree, rel. units; t — is
the deformation temperature, °C; S; ., a, b, ¢ — coefficients for each steel grade, which are
determined by the corresponding dependences, taking into account the content of chemical

elements in steel [16].
The transformation of the deformation resistance values (stress) o, ., Obtained by the

method of L. V. Andreyuk and G. G Tyulenev, and the degree of deformation values ei”l for

n
implementation in the Abaqus CAE environment has been performed according to the

following method:

o5 =0s(L+¢); (3)
&true = IN(1+£); (4)

! P strue
Ein = Etrue — é : ()

The true deformation resistance in the Abaqus CAE environment, g, ., has been given

depending on: the degree of deformation ¢ in the range of 0.0...0.8 rel. units; deformation rates
u in the range of 0.0...40.0 s!; deformation temperature t in the range of 800...1200°C.

In the calculations according to formula (2), to obtain zero values for the degree of
deformation and the deformation rate in the Abaqus CAE system, the values respectively equal
to 0.001 and 0.01 have been used.

The values of deformation resistance (stress) o, , and the deformation degree efnl have
been processed by formulas (3) and (5).

To reduce the calculation time in the model, according to the software developer's
recommendations, process symmetry has been used.

Processing of the finite-element modeling results consisted in the analysis of stress and
deformation fields.

Reactions at the roll reference point have been used to analyze the energy parameters of
the rolling process. Graphs obtained in the Abaqus CAE environment have been exported to
MS Excel in numerical form and subjected to statistical processing.

The results of the calculation of the rolling process at the Steckel mill in Abaqus
CAE. The calculation of steel grade S355JR+AR rolling processes from slabs with dimensions
of 220x1520%9800 mm and the final coil dimensions of 15x1500 mm in the Abaqus CAE
environment has been carried out by passes for the roughing stand, rolling mill 3170 and for
rolling mill 1780 with furnace coilers (Steckel), taking into account the features of technology
and equipment.

The results of calculations of equivalent stress fields S and equivalent plastic
deformation PEEQ through the demonstration passes in the rolling mill stand 3170 are shown
in Figure 2.

It should be noted that in the figures, the fields of equivalent stress S have the dimension
«MPay, the fields of equivalent plastic deformation PEEQ have the dimension “rel. units”.

Based on the dynamics of changes in the shape of the fields, intensity or level of
equivalent stress S in layers, we can make the conclusion as for the penetration of the
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deformation through the thickness of rolled products. As known, the final properties of the
rolled products begin to form at the stage of roughing rolling. Therefore, obtaining data on the
occurrence of such a phase in the metal allows to improve processes of the design, development
and improvement of the technology in relation to characteristics of a particular condition and
the material being processed.

When modeling the rolling schedule of steel grade S355JR+AR in mill stand 3170, the
beginning of the deformation penetration into the entire depth of the semi-rolled product, in
thickness, is observed in the sixth pass. Here a solid layer or stress field begins to form which
equals 90% of the maximum equivalent stress in this pass, under other appropriate rolling
conditions. The equivalent degree of deformation at the exit of the deformation zone, in layers,
depending on the depth of penetration into the thickness of the rolled products, varies from
0.121 rel. units up to 0.208 rel. units, the difference is 0.087 rel. units.

pass 1

pass 5

pass 6

pass 7

pass 8

pass 11

Figure 2. The results of calculations of the equivalent stress fields (a) and equivalent plastic
deformation (b) in the passes at mill 3170
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Upon further rolling, in the subsequent passes, there is an increase in the length of this
continuous stress field together with an increase in the value of the equivalent plastic
deformation. In pass 8 the formation of a layer of maximum stress is being observed with its
subsequent expansion and mixing with the stress layer, which equals 90%, taking into account
the size of the deformation zone. The equivalent degree of deformation at the exit of the
deformation zone in layers depending on the depth of penetration into the thickness of the rolled
products varies from 0.184 rel. units up to 0.246 rel. units, the difference is 0.062 rel. units.

Based on the results obtained, one can conclude that the technological efficiency of the
rolling process, which is being modeled, starts to occur from the sixth pass. The deformation,
which is carried out before the sixth pass, is mostly aimed only at achieving the required shape
of the rolled products/semi-rolled product. The technological efficiency means the
implementation of the rolling process with a significant impact on internal processes occurring
throughout the thickness, and not only on the surface layers of the rolling products.

The results of the calculation of the equivalent stress fields S and equivalent plastic
deformation PEEQ along the passes in the rolling mill stand 1780 (Steckel) are shown in
Figure 3.

pass 1

pass 2

pass 3

Figure 3. The results of calculations of the equivalent stress fields (a) and equivalent plastic
deformation (b) in the passes at rolling mill 1780 (Steckel)

When modeling the rolling schedule of steel grade S355JR+AR in mill stand 1780
(Steckel), in all three passes there is the penetration of deformation into the entire depth of the
semi-rolled product thickness under other appropriate rolling conditions. In this case, the
equivalent degree of deformation at the exit of the deformation zone in layers is almost the
same throughout the depth/thickness of the rolled products and has the following corresponding
values: 0.422 rel. units, 0.228 rel. units, and 0.208-0.238 rel. units.

Based on the obtained results it is possible to conclude that when rolling in mill stand
1780 (Steckel), through all passes, the penetration of deformation is carried out through the
entire thickness of rolling products. The maximum equivalent stress and the stress equaled 90%
of the maximum have a continuous layer throughout the entire thickness of the rolled products,
taking into account the size of the deformation zone.
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The analysis of data on the results of finite-element modeling of the coil rolling
process at the Steckel mill. The results of calculations in the passes obtained by the finite-
element modeling have been compared to the actual results of coils rolling with dimensions of
15x1500 mm, of steel grade S355JR+AR. Additionally, in order to identify deviations
associated with the fixation of the actual rolling performance, similar calculations have been
performed using the improved analytical model of the rolling process [14]. Comparison of the
calculations results of temperature and rolling force is given in Table 4.

On the basis of comparative calculations it has been established that the obtained
deviations of the rolling force between the two methods of calculation and the actual data have
comparable results and a similar trend of changes in the passes, Figure 4. The average value of
the obtained deviations does not exceed 1.54% and -1.77% and indicates the high accuracy of
the obtained calculations results by both calculation methods.

Table 4

Comparison of actual results of coils rolling with dimensions of 15x1500 mm produced of steel grade
S355JR+AR at the Steckel mill with the results of calculations
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The analytical checking calculation of the change in the temperature of the strip along
the passes, used in the mathematical modeling, confirmed the presence of significant deviations
in the actual temperatures during the roughing rolling, which may occur due to the location of
technological pyrometers and the presence of steam. Thus, the legitimacy of application of
analytically calculated rolling temperatures for finite-element modeling has been confirmed.
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Figure 4. Changes in the rolling force in passes according to the actual data (1), according to the analytical
calculations (2), according to the results of mathematical modeling (3)

It is known that the average pressure is the weigh-averaged value between the stress that
appears in individual layers throughout the thickness of the semi-rolled product when rolling
and the stress resulted from the influence of processes outside the contact deformation.

Based on the results of mathematical modeling, the levels of equivalent stress on each
layer in the deformation zone have been determined, the processing of which in Excel allows
to determine the value that is comparable to the average pressure. Based on this fact, and the
results of analytical calculations at the roughing stage of rolling, we can determine the
beginning of the formation of a continuous layer of equivalent stress during roughing rolling,
i.e. the beginning of the penetration of deformation throughout the entire thickness of the semi-
rolled product. The results of the calculations are given in Table 5.

The intersection between the deviation curve between the maximum level of the
equivalent stress and the average pressure and the curve of variation of the deformation degree
along the passes (built within the experimental limits) is the beginning and is the corresponding
condition of the deformation penetration throughout the entire thickness of the semi-rolled
product at roughing rolling at rolling mill 3170, Figure 5.

Thus, it has been determined that the beginning of the continuous layer formation of the
equivalent stress during the roughing rolling, and accordingly the beginning of the penetration
of deformation throughout the entire thickness of the semi-rolled product occurs in pass 6 under
conditions of deformation equal 0.14 rel. units (14%).

The change of the deviation in the passes from positive to negative values can be
explained as the process of balancing between the increase of the equivalent stress layer in the
deformation zone and the decrease, in comparison, of the influence outside the contact
deformation.
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In the finishing rolling at the Steckel mill, the deformation that occurs is sufficient and
penetrates the entire thickness of the rolled product. Accordingly, the deviation curves of the
deviation between the maximum level of equivalent stress and the average pressure and the
curve of the deformation degree change do not intersect, Figure 6.

Table 5

The calculation results to determine the beginning of the formation of a continuous layer of equivalent stress
during the roughing rolling at mill 3170

Parameter The value of the parameter by number of passes
Pass 112 (3|4 |56 |7 |8] 9 | 10| 11

Average pressure, MPa® [54.8058.57/61.4864.4670.0673.9882.15(91.26(103.54/117.01{142.04
Maximum level of 63.7166.4267.50/70.9475.2277.38184.67/90.97/104.301116.85/135.64
equivalent stress, S, MPa
Deviation between Sand |y gal1 1 /g 97 (9,14 [6.854.40|2.98|-0.32| 0.73 | -0.13 | -4.72
average pressure, %

Deformation degree, % |9.4010.81/11.44{11.88/13.62(13.82(16.03/17.68/ 19.41 | 19.09 | 20.63
calculated using the analytical model
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Figure 5. Determination of the beginning and conditions of the deformation penetration through the
thickness of the semi-rolled product during the roughing rolling at mill 3170 based on the deviation curves
between the maximum level of the equivalent stress and the average pressure (1) and the curve of variation

of the deformation degree (2)

Based on the obtained results of the mathematical modeling of the rolling process at the
Steckel mill by the finite-element method the line of the beginning of the deformation
penetration through the entire thickness of the semi-rolled product during the roughing rolling
of steel grade S355JR+AR has been established, which is equal to 14%.

In the case of finishing rolling along all passes, in the conditions of quasi-stationary
temperature distribution at the Steckel mill the deformation that occurs is sufficient and
penetrates the entire thickness of the rolled product. This condition and the corresponding
dynamics are mostly related to the thickness of the semi-rolled product during the finishing
rolling.

The obtained results allow to control the processes of the internal quality and the set of
rolled products properties that are to be obtained by developing appropriate technological
schedules taking into account the penetration of deformation through the thickness of the rolled
product.
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Conclusions

1. The study of hot rolling processes at the Steckel mill by means of the mathematical
modeling by the finite-element method in the Abaqus CAE system has been performed on the
example of the coils production with dimensions of 15x1500 mm made of structural steel grade
S355JR+AR, according to EN 10025-2.

2. Based on the modeling results, the distribution of stress and strain fields along the
passes has been obtained. Also, the power parameters of the rolling process have been
calculated. The comparison of power parameters obtained by the finite-element method and
calculated by the analytical method with the actual data on the results of coils rolling with
dimensions of 15x1500 mm made of structural steel grade S355JR+AR at the Steckel mill has
been performed. The average value of deviations does not exceed 1.54% and -1.77%,
respectively, which proves the high accuracy of the results obtained by both methods of
calculation.

3. For the first time, based on the obtained results of the rolling process mathematical
modeling at the Steckel mill by the finite-element method the line of the beginning of
deformation penetration through the entire thickness of the semi-rolled product during the
roughing rolling of steel grade S355JR+AR has been determined, and it is equal to the
deformation degree of 14%, that corresponds to pass 6.

4. It has been established that during finishing rolling, through all passes, in the
conditions of quasi-stationary temperature distribution at the Steckel mill, the deformation that
occurs is sufficient and penetrates the entire thickness of the rolled product.

5. The results obtained by the finite-element modeling method allow to control the
internal quality processes and the set of rolled product properties that need to be obtained by
developing appropriate technological schedules taking into account the penetration of
deformation through the entire thickness of the rolled product. The obtained results can be used
to develop hot rolling technology (with one or more stages of roughing rolling) at other types
of mills and complexes of basic equipment with similar technological parameters.
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TOCHUIKEHHS IMTPOIIECY TAPSTUOI IIPOKATKH HA CTAHI
CTEKKEJISA IJISIXOM MOJEJIIOBAHHS METOJIOM
CKIHYEHWX EJJEMEHTIB

Ouaexcanap Kypne; Boirogumup Kyxap

JIBH3 «Ilpua3oscekuil 0epicasHull mexHivHUull yHigepcumemy,
Mapiynonw, Ykpaina

Peztome. Ompumano po3nooin Hanpyau no mosuwjuni nPOKamy 630064 B0ZHUWA 0ehopmayii 8 yMoeax
YOPHOBO20 NPOKAMYBAHHS MA 6 YMOBAX KAZICMAYIOHAPHO20 PO3NOOILY MeMNepamyp Hnpu HUcmo8oMy
npoxamyeanui Ha cmani Cmexkens. JocnioxicenHs 8UKOHAHO ULTAXOM MAMEMAMUYHO20 MOOeN08anHs Ha 0asi
npoepamuoco dodamka Abaqus CAE 6.14-2 ma ananimuurnozo mMooento8anHs npoyecy 2apsa4oi npoKamKu pyioHie
Ha cmani Cmexxens posmipamu 15%1500 mm 3i cmani mapku S355JR+AR 32iono 3 eumoeamu EN 10025-2. 3a
pe3yIbmamamt. MoOOeN8AH S OMPUMAHO PO3NOOIL NONie Hanpyeu ma Odepopmayii no npoxooax, maxoic
PO3DAXOBAHO eHep2OCUNI08] Napamempu npoyecy RPoKamKu. Bioxunenns cumu npoxamku mixe MamemamuyHum,
AHATIMUYHUM  MOOENIOBAHHAM Md  (DAKMUYHUMU OAHUMU MAIOMb  CHIBCMAGLEHH] De3VIbmamu U  CX0HCy
menoenyilo 3MiHEeHHST N0 NPOX00ax, cepeOHE 3HaueHHs axux He nepesuwye 1.54% ma -1.77%. Llnsaxom
MAMeMamuyHo20 MOOeN08AHHA MA 3aNPONOHOBAHUMYU — AHANIMUYHUM  MEMOOOM BUSHAYEHO NOYAMOK
dopmyeants CyyiibHO20 Wapy eKei6aleHMHOl Hanpyeu npu YOPHOSIl npoxkamyi, a ION0GIOHO, | NOYAMOK
NPOHUKHEHHsL Oeghopmayii no 6cill MOSWUHI 3a20MOBKU, KUl 8i00yeacmovcs 8 npoxodi 6 npu degpopmayii, sKa
oopienioe 1%. Ilpu uucmosiii npoxamyi no 6cix npoxodax degopmayis, saxa 6i006y8acmvpcs, € 00CMAMHLOI0 Ma
NPOHUKAE NO 8CIL MOSWUHI npokamy. Pe3ynemamu, ompumani memooom CKiHYeHO-eneMeHMH020 MOOeTI08AHHS,
003601A10Mb  KepyBamu npoyecamu 6HYMpPIWHbOI SAKOCMI Md KOMNJIEKCOM GIACMUBOCmell NpoKamy, sKi
HeOOXiOHO OMPUMAMU WISIXOM PO3POOIEHHS BIONOBIOHUX MEXHONIOSIYHUX PEHCUMIB 3 YPAXYBAHHAM NPOHUKHEHHS.
deghopmayii no moswuni npokamy. Ompumani pe3yibmamu MoxiCymos O0ymu GUKOPUCMAHI 05t pO3POOIEHHs.
MexHo02il 2apsuoi npokamku (3 00HIE abo KitbKOMA CMAldiamu YOPHOBOT NPOKAMKUL) HA THUUX MUNAX CIAHIE
ma KOMNIEKCi8 OCHO8HO20 YCMAMKYBAHHSA 31 CXOHCUMU MEXHONOIUHUMU NAPAMEMPAMU.

Knwuosi cnoea: mamemamuune mMo0ento8ans, ananimuyne mooentoganns, cman Cmekkens, mapxa
cmani S355JR, eapsua npoxamxa pynioHis.
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