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One of the surface defects that arise in sheet metal working is when the part is removed from the die.
Since there are no external forces to make this defect, the origin of such fail is known as residual stress.
Residual stress can develop in sheet metal forming due to non-uniform deformation. In this paper, the
workpiece is carbon steel with different volume fractions and arrangements of ferrite and pearlite. Due
to different stress-strain curves for each phase after cold rolling, one phase deforms elastically, whereas
the other undergoes elastic-plastic deformation. On unloading to zero applied stress, this effect can
produce residual stress. Therefore, in order to reduce the surface defects in sheet metal forming, an
intelligent predictive code using a validated elastic-plastic finite element method is generated for a
plain strain deformation of cold rolling process. Results show that in regular arrangement of ferrite and
pearlite, workpiece microstructure has great influence on the residual stress distribution, and by
decreasing the width of each strip, the fluctuation of residual stress is reduced. The purpose of this
study is to develop the state of the art instructions for arrangement of phases after hot rolling process
where the total residual stress produced after cold rolling and sheet metal working will be minimized.
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1. INTRODUCTION1
Metal forming is one of the production processes that is
divided in two general categories of bulk and sheet
forming. Rolling is one of the most important bulk
forming processes in which the raw material is
deformed by passing through minimum two rolls.
The main purpose of Rolling is reduction in the
thickness of workpiece and it might be done both cold
and hot. Process selection is dependent on type, size,
materials, properties and final shape of the product. One
of the consequences of cold rolling is work hardening of
the metal that usually does not occur in hot rolling
because of high temperature in rolling.
Throughout this century the rolling process has been
analyzed by various analytical and numerical methods
such as slab, the slip line, the upper bound and the finite
element methods.
1
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Among these, finite element method is one of the
most commonly used methods used for analysis of
rolling process. Until now, much work has been carried
out on simulation of cold rolling with finite element
method such as elastic-plastic finite element modelling
of cold rolling of copper strip introduced by Liu et al.
[1]. It shows that maximum pressure associated with the
neutral point. In addition, the stresses and deformation
of elements are presented.
Jiang and Tieu [2] have simulated three dimensional
rigid plastic cold metal rolling. Later on they have
simulated cold rolling process for ultrathin strips [3].
Zhang et al. [4] developed a fast rigid plastic finite
element method for application in strip rolling. In order
to improve computational efficiency and convergence
Mej et al. [5] have proposed NR-BFGS method for fast
rigid plastic FEM in strip rolling.
All the above-mentioned analyses were carried out
with the assumption that the microstructure of the work
materials was homogenous. In addition, Utsunomiya et
al. [6] modelled rolling on the heterogeneous materials.
They investigated roughening of matt surface in
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aluminium pack rolling experimentally and modelled
that with finite element method [7].
In this paper, a finite element modelling of cold
rolling has been developed for two phase alloy
including ferrite and pearlite. It should be noted that
almost all the metal to be rolled have multiple alloy
phases and would deform heterogeneously. In this case
a stress-strain relation of each element in workpiece is
different according to type of the phase.
The novelty of this work is a discussion on the
effect of the microstructure of the material and their
arrangement on residual stress distribution. Residual
stress has a great influence on surface quality of sheet
metal. Developing a finite element code for calculation
of residual stress in two phase alloys (ferrite and
pearlite) can help engineers to propose the best
structural arrangement of the phases which cause lower
residual stresses and distortion, especially in pieces that
are used in important mechanisms.
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both in direction and magnitude. Therefore, neutral
point divides the roll space in two regions as shown in
Figure 3.
1. Backward slip zone: the friction stress t have a
resisting direction the deceleration of material
moment, or the same as the rolling velocity
direction.
2. Forward slip zone: the friction stress t have a
resisting direction the acceleration of material
moment, or opposite to the rolling velocity direction
[8].

2. THE FINITE ELEMENT METHOD
2. 1. Modelling Assumption
Figure 1 shows the
geometry and the direction of the rolling process. In this
simulation roller material is assumed rigid and the
behaviour of the workpiece is elastic-plastic. Flat rolling
of plates and sheets is essentially a plain strain
compression because the length of contact between
rollers and workpiece usually is much smaller than the
width of the sheet.
The workpiece to be rolled is pure iron and three kinds
of plain carbon steel having different arrangements and
combination of ferrite and pearlite. In this states, sheet
is formed from two phases. Figure 2 shows stress-strain
curves of ferrite and pearlite.
According to Figure 2, stress-strain relation in plastic
region is written as follows for ferrite:
s

f

= 620 ( e p + 0 . 023 ) 0 .2

Figure 1. Geometry of rolling and its direction

(1)

And for pearlite:
s

p

= 1100 (e p + 0 . 0327 ) 0.2

(2)

2. 2. Friction Modelling
Friction is an inseparable
part of the rolling process. Unlike the others metal
forming processes in which one tries to remove the
friction, in rolling friction must be present as it controls
the process.
It can be shown experimentally that material velocity
at entry is slower than roll surface velocity, and faster at
exit, so in the space between the two rolls, there is a
section where the material velocity is equal to roll
surface velocity: this point is called neutral point.
Variation of material velocity relative to roll surface in
neutral point will result in varying local friction stress

Figure 2. Stress-strain curve of ferrite and pearlite [9].

Figure 3. Neutral point and variation in friction stress
direction
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Figure 4. Primary meshing of workpiece include 1280 four
nodes quadratic elements.

the yield stress. Then, in the next step if the equivalent
stress in previous step was smaller than the yield stress,
the problem is solved elastically again, but if it is larger,
it means that the deformation has already entered the
plastic region.
Hook’s law for the isotropic elastic material is used.
Based on the flow rules and normalized hypothesis
equation on plastic region could be expressed [12]:
{ d s } = [ D ep ]{ d e }
D

TABLE 1. Material’s properties [10].
Young’s modulus

Poisson’s ratio

210 GPa

0.3

H '=

Considering the importance of friction in rolling
process simulation, various theories are expressed for
friction in flat rolling and researchers have studied
various methods such as dynamic friction model,
Amontons-coulomb and constant friction model for
applying friction stress [11]. Distribution of contact stress
for cold rolling in this paper is predicted by Amontonscoulomb friction model. In this model, friction stress t
is proportional to normal pressure ( p ):
t = mp

ep

(3)

where m is the coefficient of friction and in this research
is considered 0.2.
2. 3. Finite Element Solution The finite element
method is now firmly acceptable as a most powerful
general technique for the numerical solution of a variety
of problems encountered in engineering. The first step
in solving finite element problems is meshing the
workpiece in which the problem is divided into a
number of small problems.
Figure 4 shows the primary meshing of workpiece.
In rolling simulation, because of the deformation is
symmetric about the midline between the rolls, only half
of the piece is considered.
Due to the symmetry of about the midline between rolls,
only half of the workpiece is modelled. Frictional force
acting between the roll and the workpiece draws the
workpice into the roll gap and causes movement of the
workpiece.
In this paper, the rolling process has been simulated
using an elastic-plastic finite element method for plain
strain deformation for isotropic work hardening, which
includes both material and geometric nonlinearity. It
permits the identification of elastic and plastic
deformation in rolling and also the effect of unloading.
An elastic analysis is carried out to get the initial
stress at first. The equivalent stress using the von Mises
yield criterion is used to compare obtained stresses to

= D

e

-

(4)
T

dD . dD
, dD = D e a
H ' + dD T a

(5)

ds
de p

(6)

In the above equation H ' is work-hardening. Work
hardening in plastic zone which has strong influence on
the results, is derived from Equations (1) and (2). D e is
the elastic stress-strain matrix which for the plain strain
deformation is:
é1 - v
ê
E
ê v
[D ] =
(1 + n )( 1 - 2n ) ê
êë 0
e

v
1- v
0

0 ùú
0 ú
1 - 2v ú
2 úû

(7)

E and n are Young’s modulus and Poisson’s ratio,
respectively which are shown in Table 1. a can be
determined based on the yield criterion -here, the von
Mises yield criterion, that is:
a =

3
{ s ¢x , s ¢y , 2 t
1/ 2
2 J 2¢

xy

}

(8)

In the above equation s ij¢ and J 2¢ are deviatoric stress
and second invariant of deviatoric stress, respectively
[11].

3. RESULT AND DISCUSSION
3. 1. Stress Distribution
In this paper, stress
distribution and their values as shown as Figure 5, has
been calculated for pure iron in cold rolling process and
plain strain state, using finite element formulation. The
accuracy of these results has been proven with a
commercial software as shown in Figure 6 [9, 13].
As mentioned, in this work, the unloading effect is
considered. To prove that, stress behaviour on one
element exiting from the gap between the rolls is shown
in Figure 7.
3. 2. Residual Stress for Different Microstructures
Residual stress for pure iron and some different carbon
steels are discussed The results in this section are
calculated for each vertical column passing from the
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rollers region with averaging of stresses value for a
column.
In continuation of this paper microstructures of
elements are illustrated. Finite elements of ferrite and
pearlite are also shown in black and white, but the
deformation of elements is neglected. Average residual
stresses for arrangements of phases are shown in
Figures 8 to 10. Figure 8 shows the value of residual
equivalent stress for the pieces having all their elements
in one phase. As shown in Figure 8, since all the
elements are in one phase, residual stress value in both
of them is converging to a certain amount corresponding
to their phase. It is quite clear that the values of residual
equivalent stress in pearlite elements are more than
ferrite. Figure 9 shows the value of residual equivalent
stress for the two type of arrangement with different
strip widths.
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(a) For ferrite element.

(b) For pearlite element
Figure 8. Residual stress in a column of elements that exit
from roller’s gap (from A to B).

Figure 5. Effective Von Mises stress distribution for pure iron
with FEM after 3 cm movement of sheet.

(a) For narrow strips of elements.
Figure 6. Effective Von Mises stress distribution for pure iron
with Deform software after 3 cm movement of sheet.

(b) For narrow strips of elements.
Figure 7. Stress-strain curve of shown element (p) during the
movement from state1 to state 2.

Figure 9. Residual stress in a column of element in two phase
arrangements with ferrite (white) and pearlite (black) (from A
to B) in a vertical column.
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As shown in Figure 9, residual equivalent stress
values in both of them have fluctuations because of
difference in flow stresses of ferrite and pearlite.
For two types of arrangements with different widths
of strips it can be said that maximum value of residual
stress is related to pearlite elements and minimum is for
ferrite.
In Figure 9, maximum value of residual stress in
broad stripes is larger than that of narrow ones. The
opposite is true for the minimum value of residual
stress. Hence, the fluctuation of residual stress would be
reduced by decreasing the width of stripes of pearlite
and ferrite, because by increasing the widths of stripes
of pearlite and ferrite peaks and valleys values of
residual stresses become larger and smaller respectively.
The phases arranged with the fluctuation of residual
stress a column . Two models are chosen. In the first
model the middle rows are pearlite and the rows on both
sides are ferrite, and the second model is the opposite..
In this work, only half of the workpiece along y is
considered, hence, the arrangements of phases are as
shown in Figure 10.

In these models, fluctuation in residual stress is less
than that of the models in Figure 9. Comparing Figures
9 and 10 shows that variation in residual stress in the
first model is more than taht of the second one.
4. CONCLUSION
Microstructures of workpiece have a great influence on
magnitude of residual stress on final sheet and the
residual stress on pearlite elements are more than ferrite.
Therefore, in rolling process, microstructure does not
dissemble for evaluating residual stress. In regular
arrangement of phases in sheet, by decreasing the width
of stripes, the fluctuation of residual stress will be
reduced.
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اﻏﻠﺐ ﻋﯿﻮب ﺳﻄﺤﯽ در ﻓﺮاﯾﻨﺪﻫﺎي ﺷﮑﻞدﻫﯽ ﻓﻠﺰات ﺑﻌﺪ از ﺧﺮوج ﻗﻄﻌﻪ از ﻗﺎﻟﺐ ﺑﻪ وﺟﻮد ﻣﯽآﯾﺪ .از آن ﺟﺎي ﮐﻪ در اﯾﻦ

ﻣﺮﺣﻠﻪ ﻫﯿﭻ ﻧﯿﺮوي ﺧﺎرﺟﯽ ﺑﻪ ﻗﻄﻌﻪ اﻋﻤﺎل ﻧﻤﯽﺷﻮد ،ﺑﻨﺎﺑﺮاﯾﻦ آﻧﭽﻪ ﺑﺎﻋﺚ ﺑﻮﺟﻮد آﻣﺪن اﯾﻦ ﻋﯿﻮب ﻣﯽﺷﻮد ﺗﻨﺶﻫﺎي ﭘﺴﻤﺎﻧﺪ

اﺳﺖ .ﺗﻨﺶﻫﺎي ﭘﺴﻤﺎﻧﺪ در ﻓﺮاﯾﻨﺪﻫﺎي ﺷﮑﻞدﻫﯽ ﺑﺎﻋﺚ ﺗﻐﯿﯿﺮ ﺷﮑﻞﻫﺎي ﻏﯿﺮﯾﮑﻨﻮاﺧﺖ ﻣﯽﺷﻮد .در اﯾﻦ ﻣﻘﺎﻟﻪ ﻗﻄﻌﻪﮐﺎر از

ﺟﻨﺲ ﻓﻮﻻد دوﻓﺎزي ﺑﺎ ﮐﺴﺮ ﺣﺠﻤﯽ و آراﯾﺶﻫﺎي ﻣﺨﺘﻠﻒ از ﻓﺮﯾﺖ و ﭘﺮﻟﯿﺖ در ﻧﻈﺮ ﮔﺮﻓﺘﻪ ﺷﺪه اﺳﺖ ﮐﻪ در آن ﺑﻪ دﻟﯿﻞ
ﺗﻔﺎوت رﻓﺘﺎر ﺗﻨﺶ -ﮐﺮﻧﺶ ﻓﺎزﻫﺎي ﻣﺨﺘﻠﻒ ﺑﻌﺪ از ﻧﻮرد ﺳﺮد ،در ﺣﺎﻟﯽ ﮐﻪ ﯾﮏ ﻓﺎز ﻫﻨﻮز در ﻧﺎﺣﯿﻪ اﻻﺳﺘﯿﮏ ﻗﺮار دارد ﻓﺎز

دﯾﮕﺮ دﭼﺎر ﺗﻐﯿﯿﺮ ﺷﮑﻞ ﭘﻼﺳﺘﯿﮏ ﺷﺪه اﺳﺖ و در ﻫﻨﮕﺎم ﺑﺎرﺑﺮداري از ﻗﻄﻌﻪ اﯾﻦ اﺛﺮات ﻣﯽﺗﻮاﻧﻨﺪ ﺳﺒﺐ ﺑﻪ وﺟﻮد آوردن
ﺗﻨﺶﻫﺎي ﭘﺴﻤﺎﻧﺪ ﺷﻮﻧﺪ .ﺑﻨﺎﺑﺮاﯾﻦ ،ﺑﺮاي ﮐﺎﻫﺶ اﯾﻦ ﻋﯿﻮب در ورقﻫﺎي ﻧﺎﺷﯽ از ﻓﺮاﯾﻨﺪﻫﺎي ﺷﮑﻞدﻫﯽ ﺑﺎ اﺳﺘﻔﺎده از ﺑﺮﻧﺎﻣﻪي

اﻟﻤﺎن ﻣﺤﺪودي ﮐﻪ ﺻﺤﺖ آن در ﻧﺎﺣﯿﻪ اﻻﺳﺘﯿﮏ-ﭘﻼﺳﺘﯿﮏ ﺑﻪ ﺗﺎﯾﯿﺪ رﺳﯿﺪه اﺳﺖ ﺑﻪ ﻣﺪﻟﺴﺎزي ﻓﺮاﯾﻨﺪ ﻧﻮرد ﺳﺮد در ﺣﺎﻟﺖ
ﮐﺮﻧﺶ ﺻﻔﺤﻪاي ﭘﺮداﺧﺘﻪ ﻣﯽﺷﻮد .ﻧﺘﺎﯾﺞ ﺑﻪ دﺳﺖ آﻣﺪه ﻧﺸﺎن ﻣﯽدﻫﺪ ﮐﻪ در آراﯾﺶﻫﺎي ﻣﻨﻈﻢ از ﻓﺎزﻫﺎي ﻓﺮﯾﺖ و ﭘﺮﻟﯿﺖ

ﺳﺎﺧﺘﺎرﻫﺎي ﻣﯿﮑﺮوﺳﮑﻮﭘﯽ ﻗﻄﻌﻪﮐﺎر ﻧﻘﺶ ﻣﻬﻤﯽ را در ﭘﺨﺶ ﺗﻨﺶ ﭘﺴﻤﺎﻧﺪ داﺷﺘﻪ و ﺑﺎ ﮐﺎﻫﺶ ﻋﺮض اﯾﻦ ﻧﻮارﻫﺎي ﻓﺎزي

ﻧﻮﺳﺎﻧﺎت در ﺗﻨﺶﻫﺎي ﭘﺴﻤﺎﻧﺪ ﻧﯿﺰ ﮐﺎﻫﺶ ﻣﯽﯾﺎﺑﺪ .ﺑﻨﺎﺑﺮاﯾﻦ ﻫﺪف از اﯾﻦ ﻣﻄﺎﻟﻪ اراﺋﻪ ﺳﺎﺧﺘﺎري از ﭼﯿﺪﻣﺎن ﻓﺎزﻫﺎ ﺑﻌﺪ از ﻧﻮرد
ﮔﺮم اﺳﺖ ﮐﻪ در آن ﺗﻨﺶ ﭘﺴﻤﺎﻧﺪ ﻧﻬﺎﯾﯽ ﻗﻄﻌﻪ ﮐﺎﻫﺶ ﯾﺎﺑﺪ.
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