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Abstract
Finite element analysis for cross rolling of AISI 304 austenitic stainless steel has been carried out by rotating the
plate by 90° in between the passes. To analyze stress and strain fields in the material for cross rolling, a full 3D
model of work-roll and plate has been developed using rigid-viscoplastic finite element method. The stress and
strain fields, considering von Mises yield criteria, are calculated by using incremental Lagrangian method. In
addition to these, the model also calculates the normal pressure and strain rate distribution in the plate during cross
rolling. The nature of the variations of stress and strain fields in the plate, predicted by the model, is in good
agreement with the previously published works for unidirectional rolling.
Keywords: Effective stress, Effective strain, Cross rolling, DEFORM 3D.

1 Introduction
Flat rolling, the most basic rolling process is a
widely used manufacturing process for producing flat
products. In order to increase the flowability of the
metal to be rolled and to decrease the load requirement,
the process is generally performed in hot working state.
The rolled product exhibitsconsiderably different
properties in the rolling and transverse directionsdue to
the preferred orientation or texture formation along the
rolling direction. However, this anisotropy of properties
of rolled product can be reduced to some extent by
changing the rolling direction in between passes. The
change in rolling direction changes the state of stress,
strain and strain rate in the material, which influence
metallurgical behavior of the rolled product. So, though
the mechanism of rolling is same as the basic flat
rolling, stress and strain states in the material needs to
be analyzed before manufacturing in order to get a
quality product.
Due to the rapid development of computer
technology, finite element analysis(FEA) acquired a
wide application in the field of hot rolling and the
accuracy of the results depends on the quality of
assumptions made. In past many researchers have
worked on FEA of hot rolling to predict the stress and
strain fields of the rolled sample.Yang et al.
(2011)predicted stress and strain fields for hot rolling of
carbon steel by considering the effect of different
parameters like reduction ratio, rolling speed and
tension rolling. Vallellano et al. (2008) analyzed the

deformation, stress states and residual stresses, due to
deformation in-homogeneity, in the flat rolled wire.
Serajzadeh et al. (2002) investigated the strain
distributions in the rolled plate by considering the effect
of different process parameters as well as effect of
phase transformation.Dixit and Dixit (1997)studied the
effect of anisotropy behavior of sheet, on roll torque,
roll force and shear stress, by FEA for cold flat rolling.
There are a good number of researchers who have
contributed substantially to the field of FEA of hot
rolling. In this current work, attempt has been made to
predict stress and strain fields in the material during
cross rolling (CR) using finite element analysis and the
predicted results has been compared with that of
unidirectional rolling (UR).

2 The FEA Model
A full 3D model of 320 mm diameter work roll and
plate of dimensions 80×80×20 mm has been developed
to simulate multi-pass hot CRand UR processes.
Meshing of the plate is generated using hexahedral brick
type element. The temperature of the plate at the
entrance of the first pass is 1100°C. Table 1 shows the
different rolling parameters for the multi-pass cross
rolling.
2.1 Thermo-mechanical coupled model
Temperature is one of the most significant
parameters during hot rolling process. As the
deformation process progresses, heat flows fromthe
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plate to the work-rolls due tothe existence of
temperature gradient and high interfacial heattransfer
coefficient between the plate and the work-rolls. As a
result, the temperatureof the outer layer of the
platedecreasesrapidly.The temperature of the metal rises
due to heat generation during plastic deformation. The
mechanical energy per volume, w, spent in deformation
is equal to the area under the stress–strain curve. Heat
exchange between the plate and environment, including
work roll, includes all the three modes of heat transfer.
Table 2 shows the boundary conditions considered for
the current work (Zeng et al. (2011); Pal et al. (2007)).

2.2 Stress and strain model
Elastic deformation,in metal forming operation, is
very small as compare to plastic deformation and can be
neglected in order to consider the formulation as a rigidviscoplasticone. The constitutive equations can be given
by(Muñiz 2007)
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Table 2 Boundary conditions
Temperature boundary for
material movement
The convection boundary
The radiation boundary
The conduction boundary
Temperature rise due to plastic
deformation
Frictional boundary
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where,  is the convection heat transfer coefficient
between plate and environment;  is the plate surface
temperature; is the external environment temperature;
 is the Stefan-Boltzmann constant;  is the
emissivity;  is the heat transferred from the plate to
thework-roll; is the interfacial heat transfer coefficient
on the contactsurface;  is the work-rollssurface
temperature;  is the critical shear stress, and is the
coefficient offriction. An inter-objectrelationship has
been taken, to describe the mechanical interaction
between the two rolls and the plate. Coulomb type
interfacial friction, which is proportional to the normal
load, has been considered.For this simulation, friction
coefficient of 0.5has been considered.A constant
angular velocity is given to the roll and the material is
drawn into the roll gap due to the inter-object
relationship.
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Table 1 Rolling schedule
Pass

1
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where, *'( and #'( are the components of the
deviatoricstress and strainrate tensor respectively; ̅# is
the effective strain rate;  is the effective stress.
2.3 Finite Element Formulation

The rigid-viscoplastic finite element formulation is
based on the variationalapproach, where the actual
velocities among all admissible velocities uithat satisfy
the conditions of compatibility and incompressibility, as
well as the velocity boundary conditions, gives the
following functional a stationary value
+ =  ,-#'( ./ −  1' 2' 3
0

45

4

where, ,-#'( . denotes the work function and 1' is the
traction force.A penalized form of the incompressibility
is added to remove the incompressibility constraint on
admissible velocity fields. The actual velocity field is
now can be determined from the stationary value of the
variation as follows,
7+ =   7̅#/ + 9  #: 7#: / −  1' 72' 3 = 0 5
0

0

4;

where, =  ̅, ̅# and #: = #'' is the volumetric strain
rate.The penalty constant, Kshould be very large
positive constant (Kobayashi et al. (1989)).
2.4Material Properties
In the case of incremental plasticity, flow stress is
important. As material is deformed plastically, the
amount of stress required to sustain an incremental
amount of deformation is given by the flow stress curve,
which strongly depends on different state variables such
as temperature, strain, strain rate etc. For the present
study, the plate is assumed to behave as a rigidviscoplastic material and the work-rolls as a rigid
material. The required material properties for this work,
shown in Table 3, has been taken from the DEFORM
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3D material library and the material model used
is(Wang et al. (2007)).
 =  ̅, #, 
Table 3 Material Properties

reduction ratio is less than that of the first pass. Also,
there is a steep increment in pressure value near to the
entry zone which may be due to the considered large
value of coefficient of friction.

Material- AISI 304 Stainless steel
Poisson’s ratio
Young’s modulus
Thermal conductivity
Emissivity
Heat capacity

0.3

> 

> 

0.7

> 

3 Results and Discussion
Simulations for CR and UR have been carried
out,keeping all the process parameters same, except the
rolling direction. FEM based process simulation
software DEFORM 3D is used for this simulation. After
simulation, 10 points has been selected, 5 points each on
top and central plane of the plate as shown in figure1, to
track the stress and strain values.

Figure 2 Contact normal pressures for cross rolling
3.2 Stress and strain distributions
Stress and strain distributions, at different points of
the plate remain same in pass1 for both CR and UR. So,
stress and strain distribution only for passes 2 and 3 is
explained here. Figure 3 and 5 show the variation of
effective strain whereas figure 4 and 6 show the
variation of effective stress at the selected points of the
plate.

Figure 1Points on the plate to track stress and strain
(P1, P2, P3, P4 and P5 on top plane, P6, P7, P8, P9 and
P10 on central plane)
3.1 Contact normal pressure
Distribution of contact pressure between plate and
roll depends on the degree of homogeneity of
deformation, which is explained by Vallellano et al.(
2008) with reference to previous literatures. Figure 2
shows the variation of contact normal pressure for
different passes of cross rolling. Pressure value
increases with pass number, which is due to the increase
in resistance to deformation and decrease in
temperature, as we go for higher reduction. The contact
arc length reduces for second and third passes as the

When the plate gets interacted with the roll, local
deformation at the surface of the plate takes place. As a
result, plate is subjected to higher values of strain at the
surface ascompare to central part. Similarly, for stress
also plate is subjected to higher stress at the surface. A
much more fluctuation in stress at the plate surface can
be observed as compared to the central plane. From
figures it is clear that, even if all the processing
parameters remain same for CR and UR, the stress and
strain value at a point is not same. This can be explained
as, when the plate is rotated by 90⁰ in the rolling plane,
for cross rolling, the length and width of the plate get
interchanged. This interchange of length and width
makes a time difference for interaction of each part of
plate with roll.
A large difference in stress and strain values has
been observed for the points 3, 5, 8 and 10 as the time
difference in roll plate interaction is high for these
points. Variations at point 1 and 6 are least as these
points, after rotation, remain at the center.
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Figure 3 Comparison of effective strain variations at
the top surface of the plate

Figure 4 Comparison of effective stress variations at
the top surface of the plate
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Figure 5 Comparison of effective strain variations at
the central plane of the plate

Figure 6 Comparison of effective stress variations at
the central plane of the plate
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3.3 Strain rate distribution
Strain rate distributionin the deformation zone of
the plate,for cross rolling, is shown in figure 7. Rateof
deformationor strain ratebecomesmaximum at the
surface of the plate;near the entry zone.This can be due
to the immediate interaction of plate with the roll. The
distribution of the strain rate shows the homogeneity of
deformation of the plate.Whereas some form of inhomogeneity in deformation is also observed during the
pass, in that case the strain rate distribution is not
identical in upper and lower half of the plate.
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Figure 7 Strain rate variations in the plate during
cross rolling

Conclusions
The nature of the predicted stress and strain fields
for cross rolling is in good agreement with that of
previously reported results for unidirectional rolling but
if we consider the time domain, there is a significant
difference in stress and strain values for cross rolling,
which may lead to enormously different microstructure
and texture development and hence different
metallurgical behavior of the rolled plate.
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