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Abstract

The aim of the following study was to introduce new roll pass design of channels into industrial practice. The necessity
of usage of a greater charge stock has caused need for applying rolling with large deformations. The main task during
modelling was a proper filling of the grooves in the two high and universal rolling stands. Apart from that, the location of
grooves in the rolls assembly, selection of reduction in all parts of the groove and the stress/strains distributions in the roll
bite were calculated. At first, the series of plastometric tests were performed to obtain characteristic data of the rolled steel,
which were required for the subsequent calculations. During computer simulation all passes were calculated until accurate
profiles were obtained, i.e. until the rolled material properly filled all parts of the grooves. Both axial and vertical roll forces
were checked as to whether they were below permissible values. Obtained results are presented for several passes of chan-
nels rolling. Commercial code Abaqus Explicit were chosen for realization of the fully three-dimensional model. Finally,
the results of numerical modelling were used for working out of new roll pass design for rolling sections with large defor-

mations, which was applied in industrial conditions.
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1. INTRODUCTION

Among a many aspects of hot rolling process of
complex steel sections, some are particularly critical,
such as metal flow inside all parts of the roll grooves
(Kopp & Koch, 1997). The material behavior and pre-
diction of actual spread, distribution of temperature
and residual stresses are also significant parameters,
which can be evaluated during designing of the roll-
ing process (Kawalla, 2010; Schmitz & Prahl, 2012).
The final shape and comprehensive properties of the
products, i.e. microstructure and mechanical proper-
ties are directly affected by process design, especially
during rolling of complex steel shapes like channels,
beams, rails etc. (Hensel et al., 1996). These steel sec-
tions belong to highly demanded rolled products due
to their utilization properties. The production of sec-
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tions is very profitable, but on the other hand, the roll-
ing process in the two high stands or 4-high universal
group is very sophisticated, mainly due to risk of im-
proper metal flow and the very high horizontal and
vertical rolling forces (Harrer et al., 1996; Turczyn et
al., 2014; Turczyn & Dziedzic, 2016).

In the hot rolling processes, thermal condition can
be important. The effect of heat transfer during sec-
tions rolling was studied in work (Lee & Kim, 2001)
and these results showed that this factor has a small
effect on geometry and energy results due to the fact
that time of contact length between the stock and rolls
is very short. Moreover, the oxide layer on the sur-
faces of stock and roll decreases the heat transfer be-
tween these two surfaces.

The aim of the present work was to develop a new
roll pass design of channels and introduce it into in-
dustry. The necessity of usage of a charge stock with
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a greater cross section has caused an applying of the
new rolling schedule with large deformations.

The explicit dynamic FE software Abaqus was
used to simulate hot rolling of channels using two-
high and four-high passes, according to continuous
rolling process in Celsa Huta Ostrowiec. The heat
transfer is not considered in each stand, but the stock
temperature is updated in the next passes. Due to
good agreement between numerical and experimental
results in the previous and present grant, these numer-
ical simulations have been applied to predict the val-
ues of the most important rolling parameters of chan-
nel rolling using the developed roll pass design.

2. NUMERICAL MODELLING OF
CHANNELS ROLLING

The model is based on the industrial conditions of
continuous rolling line in Medium Section Mill, ex-
isting in Celsa Huta Ostrowiec. The rolling process of
300 mm in height channels takes place in 15 passes,
first of all in two-high stands and then in four-high
ones. In this work a full three-dimensional finite ele-
ment model is applied. The pure Lagrangian formula-
tion was considered in the analysis. Since this work
was limited to the practical application in the indus-
try, the finite element model was used for mechanical
application, i.e. stresses, strains distribution and value
of deformations were mainly computed. The process
was considered as adiabatic and the heat transfer in
roll bite was neglected. Therefore explicit, dynamic
and adiabatic conditions were applied to solve this
transient problem.

2.1. The rolls and stock model

For performing the numerical computation of the
rolling process of sections in two-high and four-high
stands, a three dimensional models were signed in a
CAD-type program. The solid objects, whose bodies
were then transformed into finite element mesh have
been applied. For the rolls model, a three-dimensional
solids mesh has been used, see figure 1.
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Fig. 1. Afinite element mesh generated for the rolls and stock, a)
two-high stands, b) universal stands.

Since the deformation of the rolls and rolling
equipment are within the elastic limit and are very
small compared to the large plastic deformation of the
stock, the rolls and rolling equipment are considered
as arigid body. The rolled stock is assumed as homo-
geneous and isotropic material with no porosities.
Stress curves of S355 grade steel were fitted to an
equation, which was a function of strain, strain rate
and temperature.

2.2. Flow curve of rolled steel S355

The accuracy of calculations performed by using
Abaqus solver is dependent on the accurate determi-
nation of the material properties used in the analysis.
Conducted experimental studies aimed at the determi-
nation of the effect of strain, strain rate and tempera-
ture on the yield stress for S355 grade steel. Hot plas-
tometric tests were performed using the torsion plas-
tometer.

Flow stresses for steel obtained from the tests for
the strain rate equal to 2 s-1 and different tempera-
tures are presented in figure. 2. From the flow stress
shown in figure 3, a distinct effect of strain and strain
rate on the value of op can be observed.
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Fig. 2. Flow stress for S355 grade steel as deformed at strain rate
2s7).

2.3. Boundary conditions for the process of
channels rolling

Three-dimensional, deformable, reduced integra-
tion, and linear hexahedral (brick) element (C3D8R)
is used to model the stock. For simulation of the rolls,
R3D4 element is used that is a four-node element suit-
able for modeling the three dimensional rigid bodies
whose behavior is a function of a specified point,
named reference point. The surface between roll and
stock is defined as a contact pair that consists of pe-
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Fig. 3. Flow stress for S355 grade steel as deformed at different
strain rate.

nalty contact enforcement method. The Coulomb fric-
tion model is considered as the contact algorithm.
Mass scaling is not used in the analysis (large amount
of mass scaling can predict the correct deformed
shape, however, it may adversely affect other param-
eters that are influenced by inertia, e.g., stress, veloc-
ity, etc). Because of large deformations happening
during the channels rolling in the shape grooves, ALE
adaptive meshing provides mesh distortion control.
According to work (Lee & Kim, 2001), the heat con-
duction to rolls in each pass is considered to be con-
stant, but it is updated between the stands and there-
fore mechanical behavior of material in each pass is
different from others. The rolling process of the ana-
lysed channel includes 15 passes but the most critical
were passes from 6 to 9 and therefore these passes
have been exactly analysed and presented in this pa-
per. The temperature of entering stock into pass 6 is
considered to be 1195 °C and the temperature at the
exit from pass 9 is 1130 °C. The rolls are constrained
to rotate only in one direction and the magnitude of
rotation is based on the applied rolling technology.
These data are used as a boundary condition in the
finite element model. The velocity and temperature of
the stock at the entry to the stands are used as initial
conditions in the model, see table 1.

Table 1. Boundary conditions applied in the FEM of hot rolling of
channel in the passes No. 6+ 9.

Pass Tempe- Coefficient Entrance Rolls
rature L speed, speed,

no. of friction
oC m/s m/s
6 1195 0.4525 0.50 0.63
7 1175 0.4625 0.63 0.72
8 1154 0.473 0.72 0.81
9 1130 0.435 0.81 0.90

The plastic flow curves of the stock were calcu-
lated based on the torsion test and grouped in sets of
strain, strain rate and temperature, in ascending order.
As an example of the carried out 3D finite element
simulations, the scheme of pass No. 8 is shown in fig-
ure la and for pass No. 9 (universal stand) in figure
1b.

3. RESULTS OF NUMERICAL MODELLING

The complexity of phenomena taking place in hot
rolling of sections creates a wide range of possibilities
for controlling the process parameters and groove fill-
ing. Groove filling and the entire process of channels
rolling is very sensitive to small variations of rolling
parameters. However, the principal factor is to ensure
right metal flow in all part of the grooves. Example
groove filling during hot rolling of the channels is
presented in figures 4-7. As can be seen in these fig-
ures, right filling of the newly designed grooves by
the metal is observed. Groove 7 characterizes mild ra-
dius of the transition between web and flange. An ap-
plication of smaller radius in this place may cause
dangerous cracks of the rolls.
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Fig. 4. Shape of the stock and distribution of von Misses stress in
the strip during rolling of channels in the groove No. 6.

PEEQ
(Avg: 75%)
+6.3768-01
+5.9608-01
+5.5450-01
+5.129e-01
- +4.713e-01
+4.297e¢-01
+3.881e-01
+3.4668-01
+ -01

Fig. 5. Shape of the stock and distribution of equivalent plastic
strains during rolling of channels in the groove No. 7.

Fig. 6. Shape of the stock and distribution of equivalent plastic
strains during rolling of channels in the groove No. 8.
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Fig. 7. Shape of the stock and distribution of maximal principal
stresses during rolling of channels in the groove No. 9.

As shown in figures 5 and 6, the equivalent plastic
strain of workpiece along the width of the groove is
highly inhomogeneous during rolling and it has max-
imal value at the bottom corners of the groove and
minimal value in the end parts of the flanges. Reduc-
tion of the wall thickness in the middle of the groove
(web creation) is much larger than reduction of the
flanges, especially in the seventh and eighth pass.
There is high compression in the center of the groove
(web) where the elongation is maximal; on the con-
trary to the sidewall of the groove, where compres-
sion is relatively small. In the first universal stand,
where groove is formed by pairs of horizontal and
vertical rolls, figure 7, it is observed different situa-
tion. Distinction between the tension stresses in the
web and compression stresses in the central part of
the flanges is not highly diversified. Figure 8 shows
the shapes of the rolling stock at the exit from the pass
No. 8 in universal stand. Figure 9 shows the shapes of
the rolling stock at the exit from pass No. 9.

While the top roll has flattened horizontal part of
the groove, the bottom roll forms the C-shape of the
section. Due to the unsymmetrical deformation and
differences of rolls radius the section is leaving the
pass under the given process conditions. It can moves
away upwards, horizontal or downwards. As shown
in figures 8a and 9a, the rolling stock leaves the gap
irregularly. The top part of the section is clearly more
elongated than the bottom one, with the consequence
that the material moves away downwards. Such situ-
ation is dangerous for roll accessories and was
changed during roll pass design. Balancing of the

groove neutral line with the rolling line causes that
the material moves away straight, figures 8b and 9b.

Table 2 presents roll force and torque registered
during numerical modelling of channels rolling in the
roughing and intermediate groups of mill stands (No.
6 + 9). The forces are used mainly to control the
strength of each rolls. Due to redesign of grooves
shape the roll forces has been reduced to less than
7800 kN. As illustrated in table 2 roll separating force
in stand No. 9 is distinctly lower than in other stands
because the reduction factor in this stand is less than
in other passes. The total rolling torque in all passes
was reduced to less than 600 KNm.

Fig. 8. Strip shape at the exit from of the groove No. 8: a) wrong
location of the rolling line, b) balance of the groove neutral line
with the rolling line.

Fig. 9. Strip shape at the exit from of the groove No. 9: a) wrong
location of the rolling line, b) balance of the groove neutral line
with the rolling line.

Using the results of numerical modelling, the roll
pass design for channels rolling has been redesigned
and applied in industrial conditions. In a conse-
guence, it have been obtained channels (UPN300) of
right shape (figure 10) and good mechanical proper-
ties. The rolling process of steel sections is character-
ized by large deformations. Apart from that, the re-
sults of the calculation contributed to the better un-
derstanding of the flow patterns in the roll grooves, as
well as distribution stresses and strains in the material
being rolled.

Table 2. Roll force and torque obtained for the passes No. 6 + 9 during modelling of channels rolling from S355 grade steel.

Pass Temperature Roll seperating force | Axial force | Upper roll torque | Lower roll torque | Total torque
No. °C kN kN KNm KNm kKNm

6 1195 7760.0 1880.3 167.18 374.84 542.02

7 1175 7740.0 1717.2 167.18 375.84 543.02

8 1154 7070.0 476.9 73.88 234.91 308.79

9 1130 3790.0 - 166.80 424.75 591.68
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Fig. 10. Template of the channel UPN 300 after industrial rolling
with the use of new roll pass design.

4. CONCLUSIONS

1. In the present investigation, hot rolling of channels
has been modelled by utilizing 3D finite element
method. The main task during modelling was a
proper filling of the grooves in the two-high and
four-high rolling stands. Apart from that the loca-
tion of grooves in the rolls assembly, selection of
reduction in all parts of the groove and the
stress/strains distributions in the roll bite were cal-
culated.

2. The results obtained from numerical modelling
have been compared with the experimental meas-
urements and the good agreement between them is
observed regarding the material flow in the
grooves.

3. Initial rolling deficiencies like stock bending at the
roll exit has been solved by modifying the groove
position in the roll assembly, so that a safe rolling
process can be guaranteed within the requested tol-
erances of the product. It was proved during indus-
trial operations.

4. The obtained results are presented for several
passes of channel UPN300 rolling. Finally, the re-
sults of numerical modelling were used for work-
ing out of final roll pass design for sections rolling
with large deformations and were applied in indus-
trial conditions. In a consequence, the channels
(UPN300) of right shape and good mechanical
properties were manufactured.
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BADANIA PLYNIECIA METALU W
WYKROJACH KSZTALTUJACYCH DO
WALCOWANIA CEOWNIKOW Z DUZA
INTENSYWNOSCIA ODKSZTALCENIA

Streszczenie

W artykule przedstawiono badania numeryczne ptynigcia metalu
podczas walcowania na gorgco ceownikoéw z duza intensywno-
$cig odksztatcenia. Analiz¢ numeryczng zaprojektowanych wy-
krojow ksztalttowych wykonano za pomoca metody Dynamic
Explicit, wykorzystujac komercyjne oprogramowanie Abaqus w
wersji 6.19. Materialem zastosowanym w procesie walcowania
byla stal S355, a jej krzywe umocnienia zaimplementowano do
oprogramowania po wykonaniu badan plastometrycznych na pla-
stometrze skretnym. Przeprowadzone symulacje numeryczne w
warunkach przestrzennego stanu odksztalcenia pozwolily na wy-
znaczenie parametrow sitowo-energetycznych (naciskéw catko-
witych i momentoéw walcowania), okreslenie rozktadu intensyw-
nosci naprezen i odksztatcen oraz ptynigcia metalu w poszczegol-
nych wykrojach ksztattujacych.

Wykonane badania numeryczne pokazaly rowniez, ze niewla-
sciwe umiejscowienie w ztozeniu walcoOw poprawnie zaprojekto-
wanego wykroju moze powodowa¢ wyginanie pasma w dot (tzw.
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docisk gorny). Prawidlowe usytuowanie wykroju w walcach po-
przez odpowiednie usytuowanie linii neutralnej wykroju wzgle-
dem linii walcowania zapewnilo bardziej rOwnomierny i stabilny
proces walcowania.

Uzyskane w rezultacie badan wyniki pozwolily na przemystowe
wdrozenie technologii walcowania na goraco ceownikdéw przy
stosowaniu duzej intensywno$ci odksztalcenia.

Received: December 4, 2019
Received in a revised form: December 15, 2019.
Accepted: December 16, 2019.

B
o
Z
=
O
w
7]
-]
=
=4
75
[
<<
=
=
%)
a
=]
==
[
£
=
[~
=
[
=)
=2
=
o
()

-112 -



