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ABSTRACT
In this paper the finite element analysis of the cold flat rolling is well presented to predict
the roll force, slab velocity at entry and exit, temperature rise in the slab during cold rolling, strain
and stress distribution around the slab. The effects of friction coefficient and yield stress of slab
material on rolling are assumed. It is found that maximum force occurs at the position of neutral
point between entry and exit, also it is found that the velocity of slab at exit is larger than that at
entry. The finite element results of temperature distribution around the slab predict that there is a
considerable rise in slab temperature.
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ﺘﻤﺜﻴل ﺜﻼﺜﻲ ﺍﻹﺒﻌﺎﺩ ﻟﻌﻤﻠﻴﺔ ﺍﻟﺩﺭﻓﻠﺔ ﻋﻠﻰ ﺍﻟﺒﺎﺭﺩ ﺒﺎﺴﺘﺨﺩﺍﻡ ﻁﺭﻴﻘﺔ ﺍﻟﻌﻨﺎﺼﺭ ﺍﻟﻤﺤﺩﺩﺓ
ﻤﺩﺭﺱ ﻤﺴﺎﻋﺩ ﺤﺴﻨﻴﻥ ﺍﺒﺭﺍﻫﻴﻡ ﺨﻠﻑ

ﺃﺴﺘﺎﺫ ﻤﺴﺎﻋﺩ ﺩﻜﺘﻭﺭ ﻋﺒﺩ ﺍﻟﻜﺭﻴﻡ ﻓﻠﻴﺢ ﺤﺴﻥ
ﻗﺴﻡ ﺍﻟﻬﻨﺩﺴﺔ ﺍﻟﻤﻴﻜﺎﻨﻴﻜﻴﺔ
ﻜﻠﻴﺔ ﺍﻟﻬﻨﺩﺴﺔ ﺠﺎﻤﻌﺔ ﺍﻟﺒﺼﺭﺓ

ﺍﻟﻤﻠﺨﺹ
ﻓﻲ ﻫﺫﺍ ﺍﻟﺒﺤﺙ ﺘﻡ ﺘﺤﻠﻴل ﻋﻤﻠﻴﺔ ﺍﻟﺩﺭﻓﻠﺔ ﻋﻠﻰ ﺍﻟﺒﺎﺭﺩ ﺒﺎﺴﺘﺨﺩﺍﻡ ﻁﺭﻴﻘﺔ ﺍﻟﻌﻨﺎﺼﺭ ﺍﻟﻤﺤﺩﺩﺓ ﻭﺫﻟـﻙ ﻟﻐـﺭﺽ ﺘﺨﻤـﻴﻥ ﺍﻟﻘـﻭﺓ
 ﺍﻻﺭﺘﻔﺎﻉ ﻓﻲ ﺩﺭﺠﺔ ﺤﺭﺍﺭﺓ ﺍﻟﻜﺘﻠﺔ ﻨﺘﻴﺠـﺔ، ﺴﺭﻋﺔ ﺍﻟﻜﺘﻠﺔ ﺍﻟﻤﺩﺭﻓﻠﺔ ﻓﻲ ﺒﺩﺍﻴﺔ ﺍﻟﺩﺨﻭل ﻭﺍﻟﺨﺭﻭﺝ ﻤﻥ ﺍﻟﺩﺭﺍﻓﻴل،ﺍﻟﻤﺅﺜﺭﺓ ﻋﻠﻰ ﺍﻟﺩﺭﻓﻴل
 ﺘﻡ ﺍﻷﺨﺫ ﺒﻨﻅﺭ ﺍﻻﻋﺘﺒﺎﺭ ﻤﻌﺎﻤل ﺍﻻﺤﺘﻜـﺎﻙ ﻭﺍﺠﻬـﺎﺩ. ﻭﺍﺨﻴﺭﺍﹰ ﺘﻭﺯﻴﻊ ﺍﻻﻨﻔﻌﺎل ﻭﺍﻻﺠﻬﺎﺩ ﺍﻟﻤﺅﺜﺭﺓ ﺨﻼل ﻋﻤﻠﻴﺔ ﺍﻟﺩﺭﻓﻠﺔ،ﺍﻟﺘﺸﻭﻩ ﺍﻟﺩﻥ
 ﺍﻟﻨﺘﺎﺌﺞ ﺍﻟﻤﺴﺘﺤﺼﻠﺔ ﺘﻭﻀﺢ ﺍﻥ ﺃﻗﺼﻰ ﻗﻴﻤﺔ ﻟﻠﻘﻭﺓ ﺍﻟﻤﺅﺜﺭﺓ ﻋﻠﻰ ﺍﻟﺩﺭﺍﻓﻴل ﺘﻜﻭﻥ ﻓﻲ ﻨﻘﻁﺔ ﺍﻟﺘﻌﺎﺩل ﻭﺍﻟﺘـﻲ.ﺍﻟﺨﻀﻭﻉ ﻟﻠﻤﺎﺩﺓ ﺍﻟﻤﺩﺭﻓﻠﺔ
ﺘﻘﻊ ﻓﻲ ﻤﻜﺎﻥ ﻤﺎ ﻋﻠﻰ ﺴﻁﺢ ﺍﻟﺘﻤﺎﺱ ﺒﻴﻥ ﻤﻨﻁﻘﺔ ﺍﻟﺩﺨﻭل ﻭﺍﻟﺨﺭﻭﺝ ﻜﺫﻟﻙ ﺘﻭﻀﺢ ﺍﻟﻨﺘﺎﺌﺞ ﺍﻥ ﺴﺭﻋﺔ ﺍﻟﻜﺘﻠﺔ ﺍﻟﻤﺩﺭﻓﻠﺔ ﺘﻜﻭﻥ ﺍﻜﺒﺭ ﻓـﻲ
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 ﺍﻥ ﺍﻟﻨﺘﺎﺌﺞ ﺍﻟﻤﺴﺘﺤﺼﻠﺔ ﺒﻁﺭﻴﻘﺔ ﺍﻟﻌﻨﺎﺼﺭ ﺍﻟﻤﺤﺩﺩﺓ ﺘﻭﻀﺢ ﺍﻥ ﻫﻨﺎﻙ ﺍﺭﺘﻔﺎﻉ ﻓﻲ.ﻤﻨﻁﻘﺔ ﺍﻟﺨﺭﻭﺝ ﻋﻥ ﺘﻠﻙ ﺍﻟﺴﺭﻋﺔ ﻓﻲ ﻤﻨﻁﻘﺔ ﺍﻟﺩﺨﻭل
.ﺩﺭﺠﺔ ﺤﺭﺍﺭﺓ ﺍﻟﻜﺘﻠﺔ ﺍﻟﻤﺩﺭﻓﻠﺔ ﻴﺠﺏ ﺍﻥ ﺘﺅﺨﺫ ﺒﻨﻅﺭ ﺍﻻﻋﺘﺒﺎﺭ
INTRODUCTION
Modeling of flat rolling is of great interest to industry due to the large tonnage of such
materials consumed and the required quality each year. Modern set-up and control algorithms for
rolling mills rely on robust and accurate mathematical models of the roll bite which can predict key
parameters such as rolling force, torque and forward slip as a function of the rolling parameters
[Jiang, Tieu & Lu, 2004]. The finite element technique has been used as a powerful tool in the
modeling of metal forming and found a wide application in this area, in particular, in the flat rolling
of steel and aluminum industries. The flat rolling process includes a large deformation, and in
general, the elastic deformation is too small to be considered. The plastic deformation, therefore, is
the main part that forms the desired shape and products. A rigid-plastic/visco-plastic finite element
method has been employed to solve many metal rolling processes, such as flat rolling [Kobayashi,
Oh & Altan, 1989], shape rolling [(Mori & Osakada, 1982), (Liu, 1994), (Xiong, Liu & Wang,
2000)], edge-rolling [(Xiong, Liu & Wang, 2000),( Huisman, Huetink, 1985)], special shape steel
rolling [( Huisman, Huetink, 1985)] and so on. There are also some issues about the algorithms used
to improve the simulation processes [(Jiang, Xiong, Liu, Wang, 1998), (Jiang, Xiong, Liu, Liu,
Wang, 2000)]. Moreover, the friction variation [(Jiang, Hu, Thomson, Lam, 2000), (Zhao, Wang,
1987), (Lenard, 1992)] at the strip–roll interface in the deformation zone has an important influence
on the simulation results. In flat rolling of slabs, the deformation is inhomogeneous and has a
marked effect on the contact stress distribution, the force required to deform the material and
residual stresses in the final product, all of which evolve in a way that departs markedly from that
under homogenous deformation conditions. Their variation has a crucial effect on the service
characteristics and integrity of the finished product [(Vallellano, Cabanillas, Garc´ıa-Lomas, 2008)].

THERORY OF FLAT ROLLING
In rolling processes, the workpiece is rolled between two rolls [Fig.(1)], so that the plate is
compressed in its thickness direction. As a consequence of this, the plate thickness is reduced.
Because of the constancy of volume, the plate must, however, expand in the other directions: in the
length direction and also to some extent in the width direction. Rolling can be divided into two
types, depending on whether a flat product is rolled, or a product of more complex cross sectional
shape is worked. When flat products are rolled, the process is commonly termed flat rolling. In
Fig.(2), a slab in rolling process is shown where the initial cross-sectional area A0 is reduced to A1.
Concurrently, also the initial cross-sectional dimensions of the slab – the thickness H0 and width B0
– are changed to H1 and B1 after rolling. For this case the length strain can be computed by the
following equation [ Henry S. Valberg, 2010]:
V
A
l1
A1
ε x = ln = ln
= ln 0
V
l0
A1
A0

(1)

Another measure of the total deformation is the degree of reduction, specified as the relative
area reduction quantified by the expression
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(2)

Transformation from length strain to area reduction, or vice versa, is done by use of the equation:
−ε x

r = 1− e

(3)
Roll Force Calculation
It is of great importance in industry to be able to predict the required roll force in a rolling
operation with acceptable accuracy. In the technical literature, a large number of roll force
equations have therefore been proposed. The rolling load in flat rolling, under plane strain
conditions, can be expressed by the following formula [ Henry S. Valberg, 2010], see Fig. (3).
F =


ml
2σ 
lB
1 +
3  2(h0 + h1 ) 

(4)

Workpiece Velocities at Entry and Exit Zone
According to Xincai Tan et.al model [(Xincai, Xiu, Neal, Srinivasan, Jian, 2008)], (for
details of this model see Appendix A) the material velocity in the x direction is then given by
Vx =

hoV0 h1V1
=
2z
2z

(5)

IMPLEMENTATION
The finite element package DEFORM-3D version 6.1 was used to simulate the process of
cold flat rolling as follows:
Material Data and Geometry
An Aluminum slab of Al6061 with dimensions 100x30x500 mm (wxhxl) was used as a the
slab material in this simulation, see Fig.(4-a), while the roll material was assumed to be rigid. The
roll diameter, roll width was 300, 200mm respectively, Fig.(4-b). The gap between the two rolls
was 22mm, roll speed was 12 rpm and the rolling operation achieved in one pass (∆h=30-22=
8mm)under temperature of 20 ºC. A full 3D model is shown in Fig.(4-c).
Finite Element Mesh
The finite element mesh used in this simulation for a full model of the slab is shown in
Fig.(5). The type of element is brick element with total number of element of 4536 and total
number of nodes of 5698 nodes.
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VALIDATION OF THE SIMULATION MODEL
To validate the above model, it is necessary to compare the predicted results obtained by the
finite element package DEFORM-3D with other results predicted by analytical models.

Roll Force and Roll Torque
The roll force per unit width F can be calculated using the analytical formula of Hitchcock’s
[ (Gudur, Salunkhe, Dixit, 2008)].
L
x 
F = ∫  P + τ dx
0
R 


(6)

Where P is the normal contact pressure, L is the projected contact length, x is the distance
from the roll centre, R is the roll radius, and τ is the frictional shear stress at the interfaces.
The roll force and torque calculated by the DEFORM-3D FE package are shown in Fig.(6).
The maximum load predicted by the finite element simulation has been observed at the neutral point
with a value of 2.57 MN, while the roll force estimated using Hitchcock’s formula gives a
prediction of 2.53 MN, see appendix A which is found in a good agreement (Maximum percentage
error of 2%) with the results of FE prediction.
Velocity at Entry and Exit Zone
Table(1) shows a comparison between the result of FE simulation and the analytical result
of Ref.[(Xincai, Xiu, Neal, Srinivasan, Jian, 2008)], see appendix A. It seems that both resuls are
in good agreemnt with a maximum percentage error of 13%. Fig.(7) shows the countor plot of the
velocities at entry and exit for the simulated results of the finite elemnt model.

RESULTS AND DISCUSSION

Distribution of Effective Strain and Stress
Figs. (8) and (9) show the contour plot of the effective strain and stress, around the work
piece, respectively during the rolling process. It can be seen that the maximum value of effective
strain is 0.53 and will be reached after 0.3644 sec. of process time, while a maximum value of 486
MPa effective stresses was reached after 0.2186 sec.
Temperature Evolution during Cold Bar Rolling
The temperature rise of the workpiece during cold rolling can be attributed to various
factors such as rolling speed, initial temperature of the billet, plastic deformation of the workpiece,
the cross sectional shape of the workpiece at each pass, cooling condition in the individual passes.
As known above the rolling process achieved at temperature 20C, Fig,(10) illustrates the
temperature distribution around the workpiece with maximum value 109 C.
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CONCLUSIONS
The following conclusions may be achieved from the results presented in this paper:
1. The results obtained from the present work verify that the process of cold flat rolling could
be theoretically estimated using the finite element method with a reasonable degree of
accuracy.
2. Roll force and velocity at entry and exit for a specific rolling conditions could be predicted
3. Temperature rise during the cold flat rolling for known conditions could be estimated.
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APPENDIX A
As shown in Fig.(A1), the volume rate of material flow due to volume constancy can be
written as [(Xincai, Xiu, Neal, Srinivasan, Jian, 2008)]
wh 0V0 = w(2 z)Vx = wh1V1
Where w is the width of the strip, h0 and h1 are the initial thickness at the entry side and the
final thickness at the exit side, respectively; z is half height in the deforming region corresponding
to x coordinate; V0, Vx, and V1 are the velocities in the x direction corresponding to h0, z, h1,
respectively. The material velocity in the x direction is then given by
Vx =

h0V0 h1V1
=
2z
2z

Where

z = z0 − Re2 − X 2
X 2 + ( Z − Z 0 ) 2 = Re2

Z 0 is a constant for a given rolling process, and Re is the effective radius
z0 = Re +

Re =

h1
2

L2e ∆h
+
= R + ∆R
∆h 4

Where Re is the effective contact length, ∆h is the draft during rolling, and ∆R is the difference of
the radii between the deformed arc and the nominal arc. An approximate value of ∆R will be
estimated for each rolling process during the deformation.
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Le = (1 + S f )Lc where S f is forward slip, and Lc is the nominal contact length

∆h = h0 − h1

(

)

∆R = L2c 2 S f + S 2f / ∆h
Lc = R∆h − ∆h 2 / 4
Sf =

Le
−1
Lc

From the definition of forward slip,
S f = (V1 − VR ) / VR , so V1 can be given as a function of S f
V1 = VR (1 + S f ) where VR is the linear velocity of the roll surface.

Table(1): Comparison Between FE Results and Analytical Results of Ref.[16]

Present work results

Analytical results Ref.[16]

Entary velocity

Exit velocity

Entary velocity

Exit velocity

V0 (mm/sec)

V1 (mm/sec)

V0 (mm/sec)

V1 (mm/sec)

Step 10

161

183

163

185

Step 20

163

184

165

188

Step 30

165

186

167

190

Step 40

166

187

168

191

Step 60

167

188

170

193

Step 70

178

189

182

192

Time
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Fig.(2) Workpiece Configurations in Situations Rolling
commonly termed flat rolling Slab

Fig.(1) Flat Rolling

Fig.(3) Rolling Considered as Equivalent to Plane Strain Compression to Deduce a Rolling Load Formula

a

c

b
Fig.(4) Geometry of Slab and Roll

(a) Slab Dimensions

(b) Roll Dimensions
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(c) 3D Full Model
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Fig.(5) The Meshed Slab

Fig. (6) Variation of Roll Force and Roll Torque During the Rolling Process
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Fig. (A1) Equilibrium of Forces in the Deformation Zone and Various Velocities in the Roll Gap During Flat Rolling

511

Al-Qadisiya Journal For Engineering Sciences

Vol. 4

Time = 0.0364 Sec

No. 1

Time = 1.4579 Sec

Time = 0.2186 Sec

Time = 1.8223 Sec

Time = 0.3644 Sec

Time = 2.1868 Sec

Time = 0.7289 Sec

Time = 2.5513 Sec

Time = 1.0934 Sec

Time = 2.77 Sec

Fig. (7): Counter Plot of Due Velocities During the Rolling Process

512

Year 2011

Al-Qadisiya Journal For Engineering Sciences

Vol. 4

Time = 0.0364 Sec

Time = 1.4579 Sec

Time = 0.2186 Sec
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Time = 2.5513 Sec

Time = 1.0934 Sec
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Fig. (8): Distribution of Effective Strain Around the Slab
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Fig. (9): Distribution of Effective Stress Around the Slab
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Time = 1.4579 Sec
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Time = 0.3644 Sec
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Time = 0.7289 Sec

Time = 1.0934
Sec

Time = 2.5513 Sec

Time = 2.77 Sec

Fig. (10): Temperature Distribution Around the Slab
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