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A mesh-free 2-D numerical approach was examined for cold rolling process to gain a more simpler and
faster way to simulate such complicated case. Regarding the wide range of gained reports about the
simplicity and computationally efficient characters of the smoothed particle hydrodynamics (SPH)
method, the computational simulation stands on SPH technique in current numerical study. In this
paper, the computational efforts not only confirm the advantages of using the SPH, but also reveal
some improvements in simulation efficiencies. The rolling test was performed for an aluminum strip:
Al 6061. In this way, the rolls assumed to behave as rigid bodies and, the aluminum strip assumed to
behave as an elastic-plastic continuum. In order to achieve the required assurance of the employed
technique, the computed stress distribution patterns were compared with those reported from a finite
element study. The comparison reveals good agreements of the two computed results. Moreover, as the
final test case, the effect of some parameters that have been reported to play the main role in case; roll
diameter, percentage of thickness reduction of the strip, and the rolling speed has been studied.
Regarding all parts of the current work, it may be concluded that the SPH can be sufficient tool to gain
a rapid and simple simulation for such complicated cases.
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1. INTRODUCTION 1
A wide range of metal forming processes such as
extrusion, rolling, drawing and forging are used to
produce metal products. The rolling process plays an
important role in manufacturing process for making
different parts with a variety of dimensions. In General,
in about 30% of metal products in the world, the cold
rolling process is used. The main advantage of rolling
technique with respect to other thickness-reduction
processes, such as strip drawing, is that it exerts a triaxial compression stress to ductility. This may cause a
larger reduction per unit mass. In this procedure, the
internal raw material, especially steels and aluminum,
transform into desirable shape with the aid of at least
two rolls. Based on work hardening on metal, rolling is
categorized into hot and cold rolling. The work
hardening happens only in cold rolling.
In the most of the numerical studies of metal
forming, the Finite-element approaches are the main
available tool. In literature, some studies were focused
nonlinear finite element for cold rolling to eliminate
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void defects in materials [1]. Moreover, genetic
algorithms, based on numerical estimations, were
employed to predict the optimal design points [2].
Further, neural network models based on finite element
results on cold rolling were performed to predict the
velocity field and the neutral plane’s locus [3]. Other
studies such as finite-difference (FDM) were also
examined for the mechanical studies of the cold strip
rolling process [4]. These methods, despite of many
advantages, have some considerable restrictions, such as
simplification of kinetic assumptions, materials’
behaviors, mesh distortion due to large plastic
deformation and time-consuming character. Regarding
to these considerable restrictions, using mesh-free
methods seems to be useful. Due to mesh-free nature, in
such large deformations, it seems that the Smoothed
Particle Hydrodynamic (SPH) may become a capable
tool. SPH is a Lagrangian particle-based method that
material is represented by a set of particles follows the
motion and advection material quantities such as mass
and momentum. This method has been originated in
1977 for astrophysics [5, 6] and gradually is being
improved and extended to model a wide range of
problems, including shock wave. A Modified
Compressible Smoothed Particle Hydrodynamics
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(MCSPH) is used to model shock wave and elasticplastic deformations of solids [7].
A new algorithm of smoothed particle
hydrodynamics (SPH) was proposed to simulate high
velocity impact and elastic-plastic deformation [8]. A
modified SPH method is also improved for fluidstructure interaction (FSI) problems combined with
solid-rigid contacts [9].
SPH is a robust mesh-free method that its high
capability is proved in metal forming, extrusion and
forging using LS-DYNA software [10] and cutting [11].
Some software's such as DEFORM take the
advantage of finite element method [12] to simulate
rolling process. In comparison, the SPH is less
examined than the FEM. It seems that SPH is a young
mesh-free method even it doesn't have the restrictions of
mesh-based method.
The purpose of this paper is to develop and examine
the efficiency of the SPH in of the complicated metal
forming process. It is noticeable that the simulation of
rolling by SPH has not been reported in the technical
literature.
The current work focuses on a 2-D simulation of the
cold rolling by SPH. The radial return plasticity model
proposed by Wilkins [13] was also used to gain a more
reliable mechanical simulation. The unloading condition
was set as one of the most concerned conditions in
rolling process. Simultaneously, the variability some
factors such as diameter, angular velocity and thickness
has been examined to achieve a more realistic study. To
set such conditions, some special treatments in SPH
must be performed.

2. SPH FORMULATION
Smoothed Particle Hydrodynamic (SPH) is a mesh free
method which is based on interpolation theory in which
the interpolation function is called Kernel.
For more details, referred to Monaghan et al. [14] is
recommended. Referring to Monaghan et al. [15], the
preferred form of continuity equation is:
dra
= ra
dt
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where, ρ, V and, m are density, velocity and mass,
respectively. b is the neighbor index of the particle a .
The advantage of this form of the continuity equation
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where, va , pa are the velocity and density of particle
a and mb is the mass of particle b. The term P ab
produces a shear and bulk viscosity (for more details see
[15, 16]).
Wab= w(r ab,h) is the interpolation kernel with
smoothing length h and r ab= |r a -r b| is the defined
distance between particle a and b. In this paper, cubic
spline kernel is used which have following form
( q = r ):
h
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s ij is the stress tensor which can be calculated as:
s ij = - p d ij + S ij

(4)

where, P is the pressure and S is deviatoric stress. The
evaluation equation for the deviatoric stress S is:
1 ij
ds ij
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where, m is shear modulus and the pressure is
determined as follows:
P = c02(r - r0 )

(6)

Here, c0 is the speed of sound and ρ0 is the reference
density.
The plasticity model used is radial return which was
proposed by wilkins [13]. Initial response of deviatoric
stress is assumed to be elastic. In the applied model:
sij = a strij

(7)

where, S trij and S ij are trial and final deviatoric
stresses at the end of time step, respectively. α is
proportionality constant coefficient defined as:
a = 1-

3m s de p

s tr

(8)

s tr is the effective stress in von-misses yield criterion.

In the equivalent plastic strain:
de

p

=

s tr - s ny
3G + H

(9)

where, s ny is the final yield stress and H is the
hardening modulus. The plastic strain is sum of de p of
each time step as:
e p = e p + de p

(10)
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3. SPH MODELING OF THE ROLLING PROCESS
A plain strain rolling simulation is performed on Al
6061. Figure 1 shows a general view of process and
parameters such as bite angle (α), neutral plan,
deformed and undeform thickness of strip.
The initial particles positions of the rolls and the
strip is shown in Figure 2. An alternating digital tree
(ADT) algorithm was used to search nearest neighbor
particles within the distance of 3h (h is smoothing
length and h = 1.5 r ab). A time step of 1e-6 Sec was used
to ensure numerical stability [7]. Table 1, shows the
material properties used in this study. The geometric
properties of test case are to values introduced in Table
2.

TABLE 2. The geometric properties of test case.
Bulk modulus (GPa)

70.0

Shear Modulus (GPa)

27.0

Initial Yield Stress (MPa)

55.2

Hardening Modulus (MPa)

1.67

Density (kg / m3 )

2700.0

TABLE 1. Properties of Al 6061
Roll diameter (mm)

60

Angular velocity (rad/s)

33.42

Initial thickness (mm)

3.17

Reduction (%)

27.44

Coefficient of friction

0.13

Figure 3. Stress distribution comparison of SPH and
DEFORM.

4. THE NUMERICAL VALIDATIONS
The numerical simulation is validated by a 2D rolling
model simulated in commercial finite element software,
DEFORM-2D. It can be observed in Figure 3 that the
stress distribution of SPH and DEFORM are fairly in
agreement. The stress contours obtained from the two
techniques, in different time- steps are compared with
each other in Figure 4. This figure indicates that stress
starts from the first contact point of roll and strips (at
bite angle) and gradually spreads through the surface
close to rolls and strip's center.
Figure 1. The Schematic cold rolling process configuration.

5. THE FINAL NUMERICAL TESTS

Figure 2. Initial particle position of the rolls and the strip.

Unloading or deduction of load exerted on work piece is
achieved by removing work piece from rolls gap in
actual process. In mesh based methods, unloading is
complicated because at the end of each increment, each
element of work piece must be checked for passing
rolls’ gap. In contrast, simulation of rolling using SPH
is not conditional and such control is not required. This
is because of interface information transfer nature of the
SPH, which stands on the simple interchange of
particles by transferring of pressure to neighbor
particles even between two materials.
Regarding the test protocol mentioned before, the
numerical test concerns on variable effective
parameters, and each one were described alternatively in
this section.
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Time = 7.5 µs

Time = 87.5 µs

Time =875 µs

Time =2.5 ms
Figure 4. Stress distribution using SPH (left) and DEFORM model (right) at 17.5 µs, 87.5 µs, 875 µs and 2.5 mµs. The colors is set
as: At left side, red is 53.0 Mpa, green 26.5 Mpa, light blue 15.9 Mpa and dark blue corresponding 0.0, for the right side the same
colors are set for 55.2 Mpa, 27.6 Mpa, 16.6 Mpa and 0.0 for dark blue, respectively.

5. 1. Diameter Augmentation of roll diameter exerts
more pressure on sheet and let plastic deformation of
metal strip starts earlier. Reduction of diameter
(diameter = 40mm) causes the pressure on the strip to
decrease (see Figure 5). Because of this deduction,
plastic deformation starts with more delay and the
gradient of elastic part of stress reduces (see Figure 6).

More reduction of thickness in mesh based methods
causes more distortion in elements and this seems to be
a significant deficiency of these methods. So, remeshing or use of lateral methods would be crucial.
SPH is a particle method and ability to overcome this
problem is the superiority of this method.

5. 2. Thickness Reduction
More reduction in
thickness may causes more complicated and coarse grid
system and consequently may cause a significant CPU
time in the mesh-based methods. Alternatively, in the
SPH this difficulty reduces to minor CPU time
increases. Figure 7 shows a comparison of pressure
distribution of rolling in two cases of thickness
reduction. More reduction of thickness (37%) means
more deformation of the work piece; therefore, more
pressure is needed for deformation. Figure 7 also
depicts larger deformations cause larger gradient.

5. 3. Rotation Speed Reduction
Reduction of
angular velocity (rotation speed =16.71 rad/s) doesn’t
have any effect on the distribution of pressure for non
sensitive materials. However, the speed reduction
causes more gentle deformations as well as reduction in
the gradient of elastic part of the stress. As Figure 9
shows, the reduction of angular velocity doesn't affect
pressure distribution on the strip. The stress distribution
in reduction of the angular velocity case is shown in
Figure 10. It is evident that the slowing down causes a
delay in plastic deformation.
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Figure 5. Comparison of pressure distribution of rolling in
reduction of the diameter.

Figure 6. Comparison of stress distribution of rolling in
reduction of diameter.

Figure 9. Comparison of pressure distribution of rolling in
reduction of angular velocity.

Figure 10. Comparison of stress distribution of rolling in
reduction of angular velocity

6. CONCLUSIONS

Figure 7. Comparison of pressure distribution of rolling in
reduction of the thickness.

Figure 8. Comparison of stress distribution of rolling in
reduction of thickness

In this paper, stress and pressure distribution on the
plain strain rolling was investigated. The results of
simulation of stress distribution using SPH and
DEFORM were in relatively agreement with each other.
The objectives, such as reduction of diameter, thickness
and angular velocity showed that the reduction of the
angular velocity could not affect the pressure, but the
reduction of diameter and the thickness had decreasing
and increasing effects on the pressure, respectively. In
addition, the reduction of the angular velocity and the
diameter caused initiation of plastic deformation after a
little while. In contrast, thickness-reduction augments
the gradient of elastic deformation in stress.
The agreement fortified the idea of achieving much
more simple future numerical approaches for such
complicate and time consuming cases. In other hand, the
variable smoothing distance used in current study can be
in outer edges of the strip may be found out as a novel
trick for applying the SPH in narrow strips to overcome
the force of denser particles. Meanwhile, the rigid
assumption of the rolls forced the authors to use an
energy balancer for the SPH technique to overcome the
artificial energy accumulation in rolls.
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The SPH approach in comparison with mesh based
method was less time-consuming because of its flexible
mesh free nature. In mesh based methods, unloading is
complicated due to mesh distortion and in contrast,
simulation of rolling using SPH is not conditional and
such control are not required. This described superiority
proves capability of using the SPH approach in
deformation case studies.
Finally, by the advances mentioned above, and by
preparing a more flexible and fast solver the physical
variable conditions were studied to show the capability
of setting a wide range test protocol.
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ﭼﮑﯿﺪه

PAPER INFO

ﺑﺮاﺳﺎس ﺗﻮاﻧﺎﯾﯿﻬﺎي ﮔﺰارش ﺷﺪه و ﺳﺎده ﺳﺎزي ﻫﺎي روش ﻫﯿﺪرودﯾﻨﺎﻣﯿﮏ ذرات ﻫﻤﻮار ﺑﻪ ﻋﻨﻮان ﯾﮏ روش ﻋﺪدي ﺑﺪون
ﺷﺒﮑﻪ در ﻓﺮآﯾﻨﺪ ﻫﺎي ﺗﻐﯿﯿﺮ ﺷﮑﻞ ،ﯾﮏ ﺗﻘﺮﯾﺐ دوﺑﻌﺪي در ﻓﺮآﯾﻨﺪ ﻧﻮرد ﺳﺮد در ﻧﻄﺮ ﮔﺮﻓﺘﻪ ﺷﺪه اﺳﺖ .ﺑﺎ اﺳﺘﻔﺎده و آزﻣﻮدن

روش ﻫﯿﺪرودﯾﻨﺎﻣﯿﮏ ذرات ﻫﻤﻮار) (SPHدر ﻣﻮرد ﻓﺮآﯾﻨﺪ ﻧﻮرد ﺳﺮد ﻧﻪ ﺗﻨﻬﺎ ﺑﺎﻋﺚ ﭘﯿﺸﺮﻓﺖ ﻫﺎي ﻣﻮردي در ﺧﻮد روش

 SPHﮔﺮدﯾﺪ ﺑﻠﮑﻪ ﺣﻘﺎﯾﻖ ﻓﯿﺰﯾﮑﯽ در ﺧﻮر ﺗﻮﺟﻪ اي ﻧﯿﺰ در ﻣﻮرد ﻓﯿﺰﯾﮏ ﻣﻮرد ﺑﺤﺚ ﺑﻪ دﺳﺖ داد .ﯾﮏ ﻧﻮار آﻟﻮﻣﯿﻨﯿﻮﻣﯽ

 6061ﺑﺮاي ﻣﻄﺎﻟﻌﻪ ﻧﻮرد در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﺷﺪ .در اﯾﻦ ارﺗﺒﺎط دﯾﺴﮏ ﻧﻮرد ﺻﻠﺐ در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﺷﺪ و ﻓﺮض ﺑﺮ اﯾﻦ ﺑﻨﺎ ﺷﺪ ﮐﻪ

ﻧﻮار ﻗﺎﺑﻠﯿﺖ اﻧﻌﻄﺎف اﻻﺳﺘﯿﮏ – ﭘﻼﺳﺘﯿﮏ داﺷﺘﻪ ﺑﺎﺷﺪ .ﺑﺮاي ﻧﯿﻞ اﻃﻤﯿﻨﺎن از روش ﺑﻪ ﮐﺎر ﺑﺮده ﺷﺪه ﻧﺘﺎﯾﺞ ﻣﺤﺎﺳﺒﺎﺗﯽ ﺗﻨﺶ ﺑﺎ

ﻧﺘﺎﯾﺞ ﺣﺎﺻﻞ از روش اﺟﺰائ ﻣﺤﺪود ﻣﻘﺎﯾﺴﻪ ﺷﺪه اﺳﺖ و ﻧﺘﺎﯾﺞ ﺣﺎﮐﯽ از ﻣﻄﺎﺑﻘﺖ ﻗﺎﺑﻞ ﻗﺒﻮﻟﯽ اﺳﺖ .ﺑﺮاي ﻧﺘﺎﯾﺞ ﻧﻬﺎﯾﯽ اﺛﺮ

ﺑﻌﻀﯽ از ﭘﺎراﻣﺘﺮﻫﺎي ﻣﻮﺛﺮ ﻣﺎﻧﻨﺪ ﻗﻄﺮ دﯾﺴﮏ ،درﺻﺪ ﮐﺎﻫﺶ ﺿﺨﺎﻣﺖ ﻧﻮار آﻟﻮﻣﯿﻨﯿﻮﻣﯽ و ﺳﺮﻋﺖ ﭼﺮﺧﺶ ﻣﻮرد ﺑﺮرﺳﯽ ﻗﺮار

ﮔﺮﻓﺖ .در اﯾﻦ ﻣﻄﺎﻟﻌﺎت ﻧﻪ ﺗﻨﻬﺎ روش ﻣﻮرد اﺳﺘﻔﺎده ﺗﻮﺳﻌﻪ ﻧﺴﺒﯽ ﯾﺎﻓﺘﻪ اﺳﺖ ،ﺑﻠﮑﻪ ﺗﻮاﻧﺎﯾﯿﻬﺎي ﺑﺮاي ﯾﮏ ﺗﻘﺮﯾﺐ ﻧﺴﺒﺘﺎ ﺳﻬﻞ و

دﻗﯿﻖ در ﭘﺪﯾﺪه ﻫﺎي ﺗﻐﯿﯿﺮ ﺷﮑﻞ ﭘﯿﭽﯿﺪه ﻧﯿﺰ ﺣﺎﺻﻞ ﮔﺮدﯾﺪ.
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