
DOI: 10.1002/srin.200900094 steel research int. 81 (2010) No. 3
Development and Validation of a Numerica
l Model of Rolling with Cyclic Horizontal
Movement of Rolls
A. Milenin1), F. Grosman2), L. Madej1)*, and J. Pawlicki2)
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The development of a numerical model capable of simulating the forming processes characterized by additional reversible movement of tools

is the subject of this paper. The major assumption of this process is the introduction of additional shear stresses into the material in order to

induce the strain path change effect. The scope of the problem is very broad, so the focus in the present work is on the process of flat rolling with

additional oscillatory movement of rolls along their axes. Due to the sophisticated nature of this process particular attention is paid to the

reduction in computational time by minimizing the number of required finite elements. The developed model is used to study differences in

material behaviour during rolling with different roll velocities. A detailed description of the developed numerical model and examples of obtained

results are presented in this paper. A comparison with experimental analysis is presented, as well.
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Introduction

Recent scientific investigations have revealed close
relationships among changes in the strain path during
deformation and material structure and formability [1–3].
The development of shear bands was identified as one of the
main mechanisms that control material flow during
deformation path change. It has been proven that detailed
control of the shear banding phenomena may lead to
reduction in applied rolling force. This is the basis of the
proposed Structure Based Design of Metal Forming
Operations (SBDMFO) [4], which has eventually led to
the development of new types of industrial forming
operations (i.e. KOBO type forming) [5]. It has been
observed that certain process conditions (e.g., change in
temperature or strain path) may lead to an increase in the
forming capabilities of many materials that are difficult to
form by conventional metal forming operations. This is one
of the main advantages of the processes which benefit from
the strain path change during deformation, i.e. extrusion
with rotational oscillations of dies or compression with
cyclic tool rotation (Figure 1).
Experimental research conducted over the past several

years has proven the mentioned advantages provided by
these two processes [1, 2]. However, to reduce the costs of
laboratory or industrial trials, which are necessary to
investigate material as well as tool behaviour during such
complex deformation processes, a numerical model that
supports this investigation is needed. Approaches to create
FE models capable of simulating the extrusion and
compression processes with rotational movement of tools
can be found in the literature [6].
Rolling is a commonly used industrial process, and a

question that has recently arisen is whether this process can
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be modified in order to provide similar advantages as the
processes presented in Figure 1. This approach could be
applied to rolling of new difficult-to-formmaterials. A lot of
research from the experimental point of view has already
been performed by the authors of this paper and can be found in
a report on aPolish national project [7]. Themajor assumptions
and discussions about the advantages and limitations of this
process are summarized in the following sections.
The main objective of this work is to create a numerical

model to simulate rolling with cyclic horizontal movement
of rolls, to validate the model by comparing the results with
experimental findings and, finally, to develop a tool for the
design of these processes. Numerical analysis based on the
developed model will reduce the number and cost of
laboratory trials required to design the rolling technology.

Laboratory Tests

Rolling equipment capable of imposing an additional
horizontal movement of rolls was designed on the basis of
the laboratory two-high rolling mill. The presented equip-
ment was developed in the Silesian University of
Technology in Katowice, Poland and is described in [7]. In
this solution rolls have the capability of cyclic horizontal
movement in opposite directions, which is schematically
presented in Figure 2. Maximum movement of rolls is
�2mm and maximal value of frequency is up to 3Hz.
Rolling velocity can be changed within 0 – 20 rpm. The roll
diameter can be set up between 60 and 100mm. Horizontal
movement of rolls is realized by the bar linkage and
eccentricity mechanisms as shown in Figure 2.
Horizontal movement is transferred to the sample by

grooved rolls, which are schematically presented in
Figure 3.
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Figure 1. (a) Compression with cyclic tool rotation. (b) Extrusion with

rotational oscillations of dies.

Figure 2. Kinematical scheme of rolling mill with additional cyclic

horizontal movement of rolls.

Figure 3. Rolls with a set of groves used to transfer horizontal move-

ment from the rolls into the sample.

Figure 4. Picture of the laboratory rolling mill capable of imposing

strain path change on the material.

Figure 5. Geometry obtained after MEFASS with different roll veloc-

ities 0.031, 0.052, 0.156 rps, respectively.
Due to its nature, this process is called a MEFASS rolling
(Metal Forming Aided by Shear Stresses). The developed
laboratory equipment is presented in Figure 4 and is used to
study material behaviour under various stress states.
Different roll velocities, frequencies and amplitudes of
oscillations and their various combinations were inves-
tigated to completely understand the mechanisms respon-
sible for material deformation modes. An investigation of
metal flow during the MEFASS process with different roll
www.steelresearch-journal.com � 2010 W
velocities was performed as a case study for the purposes of
the present work.
Three different velocities were used: (i) 0.156 rps,

(ii) 0.052 rps, (iii) 0.031 rps.Thesedifferences in roll velocities
directly influence the number of additional oscillations that
are induced into thematerial along the roll gap. Roll velocity
was set up to obtain one, three and five additional oscillations
while the material was in the deformation zone. All the
remaining process parameters, such as frequency or
amplitude, were constant and equal to 3Hz and 1.4mm,
respectively. The copper samples with initial dimensions at
the cross section 8� 8mmwere subjected to oscillatory cold
rolling with relatively small rolling reduction Dh¼ 0.8mm.
Examples of the obtained experimental samples after

rolling are shown in Figure 5. The large differences in the
shapes of the final samples were obtained after rolling with
different roll velocities. A detailed investigation of the state
of the deformed material can be performed in two different
ways. The first solution is to perform metallographic
analysis to study the microstructure. The second solution
is to use numerical modelling approaches which can give a
quick and detailed overview of the character of metal flow
during rolling.
However, one of the major problems occurring during

numerical simulations of these kinds of processes is
excessive computational time, which is due to the large
number of required finite elements. As presented in Figure 3,
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a series of narrow grooves was introduced at the surface of
the rolls to transfer additional reversible oscillation into the
deformed material. Highly refined FE meshes should have
been used in the numerical model to accurately transfer the
shape of these grooved rolls into the deformed sample;
however, this eventually leads to long computational times.
One of the solutions to eliminate this problem is to apply
anisotropic friction conditions instead of using grooved dies.
This cannot be done using commercially available FE
packages. That is why the authors of this work decided to use
an in-house code and to introduce modifications that give
the possibility to reduce the computational time. Details
of the developed model are presented in the following
chapter.

Mathematical Model of Metal Deformation
during Rolling

To create a numerical model with the capability to
simulate cyclic horizontal movement of rolls, several major
modifications to the in-house Rolling3d code were intro-
duced. The main principles of the basic FE code are
described in [8, 9]. Examples of possible applications of the
Rolling3d code to solve different problems in the develop-
ment of rolling shape technology were published in [10, 11].
The main principles of the developed FE code are described
below.
The theory of non-isothermal plastic flow of incompres-

sible non-linear viscous medium was applied to solve the
problem. Boundary conditions were taken into account by
themethod proposed in [9]. The essential idea of thismethod
involves application of the penalty function to calculate
metal-tools interaction in a complex spatial configuration.
The solution is derived from the stationary condition of the
modified Markov functional [12]:

J ¼ 1

2

Z
V

m_ei2dV þ
Z
V

s _e0dV

þKt

Z
F

vtð Þ2dF þ Kn

Z
F

vn � wnð Þ2dF (1)

where:

Kt
pð Þ ¼ t p�1ð Þ

vt p�1ð Þ ; (2)

mðpÞ ¼ ss
ðp�1Þ

_eiðp�1Þ ; (3)

where:

p – iteration number
vt – metal slip velocity with respect to the tool (m/s)
vn – metal velocity normal to the tool surface (m/s)
wn – normal component of the velocity of the tool

surface (m/s)
t – friction stress (according to the law t¼mss,

where m – friction factor)
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ss – yield stress (MPa)
s – mean stress (MPa)
_ei – effective strain rate (s�1)
_e0 – strain rate in the triaxial compression test (s�1)
Kt – the penalty coefficient accounting for the metal slip

velocity over the tool computed based on the data
from the previous iteration (p� 1)

Kn – the penalty coefficient for the metal penetration into
the tool

m – effective metal viscosity computed from (3) by the
method of hydrodynamic approaches (MPa s)

V – volume (m3)
F – contact surface (m2).

If the penalty coefficient Kt increases, the metal slip over
the contact surface is hampered. Kt¼ 0 corresponds to
frictionless metal slip.
In the present model the friction anisotropy was

introduced, which provides the possibility to transfer the
horizontal movement of rolls into thematerial without usage
of the grooved rolls. Major assumptions of this approach
have already been explained.
The full tangential slip metal velocity over the tool is a

sum of the two components:

v2t ¼ v21 þ v22 (4)

where 1 an 2 are axes of the local coordinate system in a
current contact point in directions tangential to the contact
surface. The local axis marked as 2 in this case is equivalent
to an elongation direction Y. Therefore, the friction part of
(1) is described as:Z

F

Kt1v
2
1 þ Kt2v

2
2

� �
dF; (5)

where:

K
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t1 ¼ m1ss

vt
; (6)

K
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t2 ¼ m2ss
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where m1 and m2 are friction factors in directions 1 and 2,
respectively.
The horizontal velocity of rolls (in direction Y) was

accounted for during the simulation by implementation of
the following function:

v2 ¼
pUwy

twy
sin 2p

t

twy

� �
(8)

where:

twy ¼ 1
f - time of roll movement in direction Y during one

oscillation
t - rolling time, Uwy - movement amplitude in direction Y.

The phenomena of contact loss between rolls and the
sample during horizontal movement of rolls was observed
experimentally (Figure 5) and was taken into account in the
heim www.steelresearch-journal.com
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Figure 6. Measurement line at the sample cross section at the exit of

the deformation zone.
proposed model. This was done by an additional boundary
condition:

sn � 0;

where sn is normal stress calculated in the current point at
the contact surface.
The model developed in the present project is capable of

transferring additional horizontal movement of rolls to the
material not via the grooved rolls but via anisotropic friction
conditions. This significantly reduces the computational
time. Another important issue is temperature change during
MEFASS rolling. Deformation heating is extremely impor-
tant as it is one of the mechanisms leading to load reduction.
In order to simulate temperature changes, the following heat
transfer equation was solved:

ceff tð Þr tð Þ dt
dt

¼ div k tð Þgrad tð Þ½ � þ qdef ; (9)

where:

r(t) – metal density (kg/m3)
t – temperature (K)
t – time (s)
k(t) – heat conductivity coefficient (W/mK)
ceff(t) – effective specific heat (J/kgK)
qdef ¼ 0:9ss _ei.
The 3D solution of the temperature field distribution along
the sample was built upon the subsequent solutions of the
plane tasks, which correspond to the location of the sample
cross-section during rolling. To solve Equation (9) the
variational problem formulation based on minimization of
function J was applied:

J ¼
Z
V

1

2
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þ kðtÞ @t
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� ceff ðtÞrðtÞ
dt

dt
t þ qdef t
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þ
Z
F

a

2
t � t1ð Þ2dF; (10)

where:
a– coefficient of heat exchange (W/m2K)
t1 – temperature of the air or roll (K).
Figure 7. Temperature profile (a) and equivalent strain (b) along the

vertical line of symmetry at the exit section of the sample during

conventional rolling.
Finally, the temperature derivative with respect to time
was calculated implicitly by equation:

dt

dt
¼ tt � tt�Dt

Dt
: (11)

The coupled thermal mechanical solution was performed
in simulations of rolling. Examples of the numerical analysis
of the MEFASS process are shown below.

Numerical Analysis

The objective of the simulations was to supply data for
comparison with experimental observations and to validate
www.steelresearch-journal.com � 2010 W
the model, which can be further used for the optimization of
process parameters. A series of numerical simulations
without horizontal movement of rolls was performed first
to give the basis for evaluation of the scale of the effect
caused by oscillations of the rolls. The results obtained along
the measurement line located at the sample cross section
(Figure 6) for monotonic rolling with three different roll
velocities are presented in Figure 7. Simulations of rolling
with roll oscillations were performed next. Predicted shapes
of the samples after rolling (Figure 8) can be qualitatively
compared with the shapes from the experiments shown in
Figure 5, and good agreement is observed.
From a quantitative point of view, the amplitude of the

surface waviness was compared, which also showed
reasonable agreement (Table 1). FE simulations slightly
overestimate the amplitude, whichmay be related to the lack
of ability of this numericalmodel to demonstratemicro shear
band development.
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Figure 8. Distribution of the Vy component, equivalent strain and

equivalent stress obtained for MEFASS with different roll rotational

velocities of (a) 0.156, (b) 0.052 and (c) 0.031 rps.

Table 1. Amplitude of the surface waviness measured after exper-
iment and FE simulation.

Roll rotational velocities
rps

FE simulation
mm

Experiment
mm

0.031 1.69 1.02

0.052 2.37 1.93

0.151 4.89 4.57
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Since deformation heating is one of themajormechanisms
influencing the load reduction during the FE simulation,
particular attention was paid to the changes in the temper-
ature measured during rolling. Temperature profiles at the
exit from the roll gap obtained along the vertical line at the
sample cross section for the three considered cases are
presented in Figure 9a. A similar comparison was
performed for the effective strain profiles, and the results
are presented in Figure 9b.
A large increase in temperaturewas observed at the lowest

roll velocity. That is the case when rolls perform five
oscillations while material is going through the roll gap. As
seen in Figure 9, when the contribution of oscillations
decreases, the temperature decreases as well. The same
situation is observed when strain values are considered.
Additional oscillations result in large strain accumulations
in the material. When the conventional rolling process
without additional oscillations is considered, the increase in
Figure 9. Temperature profile (a) and equivalent strain (b) along the

vertical lineofsymmetryat theexit fromtherollgapduringtheMEFASS

process.
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Figure 10. Contribution of the change in height and axial roll move-

ment to the equivalent strain during the MEFASS process.
temperature is much smaller in comparison with the
MEFASS process. The highest temperature values are
obtained when high rolling velocities are used. Because an
increase in strains in conventional rolling is mainly
connected with the geometrical aspects of deformation, the
results obtained for the three different velocities are similar
(Figure 7b). These results can be compared with the
theoretical prediction regarding the contribution of perpen-
dicular shear to equivalent strain (Figure 10) [13].
As presented in Figure 7b and 9b, numerical simulation

results are in good agreement with the results presented in
Figure 10. In both cases the additional contribution of
perpendicular shear to equivalent strain was significant.

Conclusions

A new numerical model of the MEFASS process was
developed and provided the possibility to predict changes in
the shape of the sample, deformation degree and temperature
distribution.
Results obtained from the comparison between conven-

tional and MEFASS rolling processes show that strain
accumulated in the latter rolling case can be up to ten times
higher compared to conventional rolling. These results were
obtained by ensuring that the size of the roll gaps remained
the same in both cases. The possibility of large strain
accumulations in comparison to the conventional rolling
process is the main advantage of the MEFASS process.
Interesting behaviour was observed in the case of

additional deformation heating during the MEFASS rolling.
Contrary to conventional rolling, it was observed that
increases in temperature were higher when the rolling
velocity decreased. This was mainly due to the number of
oscillations induced to the material in the rolling gap.
Finally, it is important to highlight that the MEFASS

process is not intended to substitute conventional rolling.
www.steelresearch-journal.com � 2010 W
The main goal is to create a highly deformed and refined
microstructure with clearly visible micro and macro shear
bands. The final shape and required surface quality is
obtained in the next stage by using conventional rolling.
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