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A Three-Dimensional Finite Element Method for a
Nonisothermal Aluminum Flat Strip Rolling Process

Z.-C. Lin and C.-C. Shen

The purpose of this study is to develop a three-dimensional coupled thermo-elastic-plastic finite element
model of nonisothermal rolling and analyze the strip curvature caused by the difference in the heat trans-
fer boundary conditions of the upper and lower rollers. The difference in the rotation speed between the
upper and lower rollers was utilized in an attempt to correct the aforementioned curvature in hot rolling
due to unsymmetrical cooling conditions. In addition, the changes in shape, temperature field, and strain
field of the strip during the various stages were analyzed and can be used to obtain the lateral plastic flow
of the strip. As for the aspect of heat transfer, the various possible boundary conditions in the actual hot
rolling were considered, which include the convection boiling of the air and water, and the radiation loss.
Then, the three-dimensional finite difference heat transfer equation is derived according to the concept
of heat balance. As for the determination of the direction of tangential friction force, this study also de-
veloped a modification algorithm to adjust to the three-dimensional rolling process. After a comparison
with the experimental data in Ref 8 and 15, and the simulated temperature distribution in Ref 17, the par-
tial results obtained from the computation by the numerical analytical model verify that the theoretical
model and computer programs established in this study are reasonable. This study shows that hot rolling
can greatly reduce the rolling force and strain rate with the early appearance of plastic deformation, and
the distribution of temperature field is basically affected by the heat transfer boundary conditions. How-
ever, unsymmetrical heat transfer boundary conditions will cause unsymmetrical rolling forces of the up-
per and lower rollers and cause strip curvature; this condition can be corrected by the difference in the

rotation speed of the rollers.
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1. Introduction

RAPID development in the research of metal rolling has oc-
curred in recent years. The primary goal of plastic deformation
analysis is to estimate the partial strain rate, strain, stress, and
temperature of the strip during the rolling process. The conven-
tional plastic dynamics theory provided enough equations to
obtain the values of stress and strain. Itis still lacking in the area
of dynamics during the formation process, especially for the
complicated metal rolling formation. It is now impossible to
obtain the accurate solution for metal rolling by means of equa-
tions. Along with the advancement of computer hardware and
software, the analysis of metal formation must be done with a
numerical method. In this study, the finite element numerical
method is used to analyze the behavior of three-dimensional,
nonisothermal elastic-plastic rolling deformation of aluminum
strips. The plastic deformation and the changes in temperature
were also explored. In this study, the hexahedron element was
used as the three-dimensional finite element and divided into
five 4-node tetrahedral elements. The behavior of rolling for-
mation of aluminum strips under a nonisothermal condition is
also studied. The difference in the rotation speed of the upper
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and lower rollers in unsymmetrical rolling was used to correct
the phenomenon of vertical curvature due to the nonisothermal
condition.

In 1982, Li and Kobayashi (Ref 1) used finite elements and
the small deformation theory to analyze plastic steel materials.
They analyzed the velocity field inside the deformation area
and the distribution of stress and the distribution of pressure in-
side the contact arch during the cold rolling of plates, without
considering the temperature effects. In 1988, Shivpuri et al.
(Ref 2) studied the strip curvature caused by the difference in
the rotation speed of the upper and lower rollers in unsymmet-
rical rolling. They used the two-dimensional elastic material
model, without considering the temperature effects. In 1989,
Chen et al. (Ref 3) conducted a study that conformed with New-
ton’s law of motion and hypothesized that within the same time
increment the rolling process was a quasi-static state model.
They used the dynamic relaxation method in the finite differ-
ence method to solve this problem. The material was hypothe-
sized as elastic-plastic, and the strain rate and the temperature
effects were not considered. In another study by Zienkiewicz et
al. (Ref 4) in 1981, the steady-state hot rolling as a result of the
softening effects of the temperature was considered. They used
the Galerkin weighted residuals method to solve the force equi-
librium equation and the heat balance equation. They also used
the iteration method to solve these two coupled finite element
equations. However, if the same method is used to solve the
nonsteady state rolling, then during each time increment the
temperature field and velocity field can only be solved by going
through several rounds of iteration. In addition, they assumed
the material to be of plastic steel.

Other literature results are concerned with the problem of
heat transfer in rolling. In 1984, Tseng (Ref 5, 6) analyzed the
strip temperature during two-dimensional steady-state rolling.
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The temperature field of the rollers and strip were analyzed
comprehensively, but the temperature field of three-dimen-
sional strips was not explored. In 1986, Devadas and Sama-
rasekera (Ref 7) focused on the actual conditions of continuous
hot rolling and analyzed the temperature of the strip and rollers
by a one-dimensional transient heat transfer finite difference
method.

The research in this area has so far remained mostly two-di-
mensional analysis or without the considerations of the tem-
perature effects and the problem of boundary heat transfer. The
purpose of this study is to develop the theoretical model and
computer programs of a three-dimensional coupled thermo-
elastic-plastic large deformation finite element analysis for alu-
minum strip rolling, with the consideration of the heat transfer
boundary conditions during actual rolling. The finite difference
model was used to calculate the temperature of each element to
make up for the related data from the rolling formation process,
which are quite difficult to obtain. Finally, a simulation was
conducted using aluminum strips.

First, cold rolling was conducted to analyze the rolling
force and the average rolling torque, which was then com-
pared with the experimental data by Al-Salehi et al. (Ref 8).
The comparison between the present results and the simu-
lated temperature distribution by Dawson (Ref 16) indicates
identical temperature distributions and verifies the theoreti-
cal model and computer program established in this study.
The roller is assumed to be rigid in this paper, which means
there is no roller deformation. The average rolling torque is
derived by directly calculating the rolling force of the roller
in the tangential direction and then multiplying by a roller
radius of 79.375 mm. Then the three-dimensional non-
isothermal hot rolling was analyzed. and a simulation was
implemented to use the difference in the rotation speed of
the upper and lower rollers to prevent the vertical curvature
of the strip. This study shows that hot rolling can greatly re-
duce rolling force and strain rate with the early appearance
of plastic deformation, and the distribution of temperature
field is basically affected by the heat transfer boundary con-
ditions. However, unsymmetrical heat transfer boundary
conditions will cause unsymmetrical rolling forces of the
upper and lower rollers and cause strip curvature, but the
above condition can be corrected by the difference in the ro-
tation speed of the rollers.

2. The Governing Equation of the
Three-Dimensional Thermo-Elastic-Plastic
Finite Element

If the plastic strain increment {deP} can be derived from
plastic potential f and the Prandtl-Reuss flow rule, then the
plastic potential f is the same as the yield criterion. When the
stress state of the element within the workpiece falls exactly on
the yielding surface, its differential equation should satisfy
(Ref 9):
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flo;) is the positive function of the stress. R(eP, €, T) is the area
of the yielding surface.

Since the element principal axis had a spinning phenome-
non during metal forming, this study selected the Jaumann rate
of Euler stress [G] as the stress rate of the constitution Eq 1.
Thus,
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Without considering the effects of body force, the equilib-
rium equation of the principle of virtual work for the large de-
formation-large strain should be:

[ {86 o dv=] [u)" fojas (Eq3)

where u is deformation rate velocity of the body, 61 is La-
grangian stress rate, f;, is the traction variation rate according to
present area, and e is velocity gradient of the body.

If p/p is taken to be zero to satisfy the material incompressi-
bility, then the finite element formulation with the large defor-
mation-large strain stiffness is derived as:

(Rep) + [KGDidi = | (BT (D) [¢] dv — [ [BI7 {Rer) av

+{Fy) (Eq4)
where

[Kep] = X, jlelement J [BE]T [D®P] [B,] dv
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[KG] = Zaiteiement ,f [Be]T [D°P] [B,] dv

{Fo} = Zaiictement fmnr {fo} ds
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[Kep] = elastic-plastic element stiffness matrix
[Kgl = geometric stiffness matrix

{Fo] = variation rate of node force

The usual derivation of strain rate has been the one-order
derivation. However, this study followed the concept of a two-
order strain rate and used the Lin (Ref 9) strain rate equation
and strain rate error value e as the rule for determining conver-
gence.

3. The Algorithm for Determining the Direction of
Friction

Since the contact region between the roller and the strip is
represented with a local coordinate, the ([K,,] + [Kg)) in Eq 4
has to be appropriately modified on the coordinates.
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where

[Ks) = [T )T [KS, + KE1 [T,]
(K] = [T,)7 [KS, + Kg]
(K] = IKS, + K§] [T,)

[K;] = [KE, + K]

Here, subscript s represents the node on the contact surface be-
tween the roller and the strip, and subscripti is inner node of the
strip. The | and G refer to the physical property based on the lo-
cal and global coordinate system. Fg represents the € direc-
tional tangent load increment of the contact node between the
strip and the roller. F,, represents the normal load increment of
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the contact node between the strip and the roller. F represents
the £ directional tangent load increment of the contact node be-
tween the strip and the roller. [T, ] is the coordinate transfer ma-
trix; i.e., { SG} =[T,] {df}. Also showninFig. 1, this equation is as
follows:

> . a

X “Gx cos® -sin® O [7¢

{df;}= dg,r=|sin® cos® 0 dy (Eq6)
df;. 0 0 1 dz

Forrigid body rollers, the velocity of the normal direction of
the contact node between the strip and the roller equals zero. As
for the tangent direction, the roller and strip has a relative ve-
locity; therefore, {dl} can be written as:

z

b
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Ix1 14

+"1§ 0 Msc dy "14y ‘.14:}
where Ad,g, Ady, and Ady are the relative velocity between
the strip and the roller in the tangent direction, E. dg is the
tangent velocity of the roller surface. Ad,, Ad,r, and Ady,
are the relative velocity between the strip and the roller in
the perpendicular direction { of the tangent and normal di-
rections.

As far as the contact node between the surface of the strip
and the roller is concerned, Coulomb’s friction rule is used
\Fg + Fel = InFl. The force on the node within the strip is equi-
librium to zero; therefore,

A1Fin Fiq B\Fiy AyFay Foy ByFyy

{ﬁ'(d)} 1x12 {

A3F3y Fyy B3F1y 00 0
(Eq7)

where

L0

V1 + tar?g; :

Fig.1 Relationship between global and local coordinates
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For the direction of friction force, see Fig. 2. The following
definitions match the direction of real friction force with the lo-
cal coordinate. The distance between the upper roller entrance
and the neutral pointis u0 = —1. The distance between the upper
roller neutral point and the exit is u® = +p. The distance be-
tween the lower roller entrance and the neutral pointis p0 = +p1.
The distance between the lower roller neutral point and the exit
ispu0=—p.

Using the value of this strain field and the assumption of no
volume change in the plastic deformation Ae, + Ag, +A €, =0,
we selected |Ag, + Ag, + Ag)l < 1076 as the basis to decide
whether tan ¢, needs to be modified. The steps for determining
the tan ¢, are as follows:

Step 1: At the beginning of the simulation, give the contact
node / an initial value of tan ¢,.

Step 2: After calculation by a computer program, the strain
increment {Ag} is derived.

Step 3: I 1A, + Ae, + Ag,| > 1075, then modify tan ¢; and re-
peat Step 2.

Step 4: If 1Ae, + Ag, + Ag | < 1075, then use this tan ¢, as the
initial value for the next stage.

Step 5: Repeat the above steps until the simulation is fin-
ished.

4. The Decisive Algorithm of the Neutral Point

The neutral point is the point at which the tangent velocities
of the roller and strip are the same. The direction of material
flow and friction force is opposite between the neutral point
and the exit. During rolling, the surface nodes of the strip will
pass by the roller one after the other. To determine the direction
of friction, decide whether the node is located between the en-
trance and the neutral point or between the neutral point and the
exit.

rolling region

R T —

{
entrancel ex1t
1

neutral point Y 7

Fig.2 Direction of friction force of the roller rolling on the
strip surface
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To determine if the neutral point will still be the ngutral
int at time ¢, first determine if at time ¢, I;'é + F'CI > IuF“I and
< 0. Then take the next surface node as the neutral point at
time 7+ Ar and change the boundary condition of that node. If
IFt + F’CI < IuF;]I, then proceed without changing the boundary
condition of that node.

5. Heat Transfer Model of Strip

5.1 Inner Element

As shown in Fig. 3, the control volume passing through ele-
ment C or the heat source in such a control volume can obtain
its finite difference model from the central difference between
the appropriate space and time differentiation. Based on the
heat balance of the element C control volume, it is written as:

‘.It+‘.lw+‘.1p+‘.1s="IE+‘IIB+‘.1N+"I,,,+"IW (Eq 8)
where,

. aT Ty — T

gm = pcu(x) a_x Ve = pcu(x) ~x Ve

c

is the energy variation rate within the elements along with
changes in position.
>
| i
T’C+ T

. aT
qt=chVe=pc—Zt——Ve

is the energy variation rate within the elements along with
changes in time.

Y

Qv

Z//

Fig.3 Energy balance of control-volume element
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is the plastic deformation heat of the elements.

: —xa T
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is the six heat transfer heat of the three-dimensional elements
based on Fourier’s law.
It can be rearranged as:

Ti+l=

TH1-aA 1+1+1+1+1+—1—
IgE, " IgB, " LN, LW, " IgF," IS,

T, T T} ' . Ti
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+ + + + +—
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7" - 'T' i A i
+ u(x)Atu + c
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(Eq9)

where Ay, Ag, Ag, Ay, Ap, and A are the contact areas among
the elements. W,, E,, Sy, Ny, B,, and F are the distances among
the geometric center of the heat transfer elements.

k |

e
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L=—
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5.2 Boundary Element in the Rolling Region

If no other heat loss is present besides the heat transfer
and friction heat on the contact surface between the strip and
the roller where the extra heat source is the same as the in-
side of the element, then the mathematical equation can be
shown as (Ref 5):

oT aTR .
KAL{El + KRAc[a—nJ— ;=0

where (9/0n),, represents the partial difference of the normal di-
rection along the boundary. The subscript R represents the
property related to the roller, whereas variables without the
subscript R are related to the strip. To simplify the calculation,
assume that the amount of friction heat transferred to the strip

is (Ref 10):
.
)

N 7 12
—| +
pC

Ky
PrCr
In addition, assume that the heat conduction coefficient is
(K + Kg)/2, then the amount of heat transfer along the element

(Eq 10)

12

g9f = (Eq 11)
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boundary in the rolling region is as follows. (a) the element is
located on the upper surface of the strip:

. K+ K \Ty—-T:
qN=_[—R] N _Ca (Eq 12)

N
2 N,
(b) the element is located on the lower surface of the strip:

. K+Kg\Te-- T
qg = 2 sy AS

(Eq13)

5.3 Boundary Element in the Nonrolling Region

On the contact surface between the heat transfer element
and the exterior, since the boundary conditions are different,
the amount of heat transfer consists of either one of the follow-
ing two situations. The first situation is radiation heat loss and
convection heat transfer of air:

g= (Sem[(r'c +273)4 = (T, + 273)4] + h (T - T WA,
(Eq 14)

where h,, is Stefan-Boltzmann constant, €, is surface emissiv-
ity, and T, is room temperature (external temperature).

The second situation is film boiling heat transfer. The upper
surface of the strip may be covered with cooling water. Since
the working temperature is about 350 to 550 °C during hot roll-
ing, which is much higher than the boiling point of the cooling
water, the phenomenon of film boiling emerges. In this study,
the experimental equation of Yamaguchi (Ref 11) is selected:

= (1.11)(1.163)(105)W0521 4 _ (Eq 15)

where W is flow rate of cooling water [I/(min m2)].

6. The Computer Program and Problem Statement

The program analysis of elasticity-plasticity is based on the
increment theory, which uses a minute linear increment to ap-
proximate the deformation path. If an element falls between the
elastic and plastic parameters, the Marcal method (Ref 12) for
modifying the matrix [D¢P] is used. In the solution of the large
deformation and large strain problems, ULF(update lagrangain
formulation) is used. Also, the construction of the equation uses
the Jaumann rate of Euler stress to derive the overall rigid ma-
trix. For the solution of juxtaposed one-order equations of the
unsymmetrical matrix of Eq 4 and 5, the Cholesshy method
(Ref 13, 14) is used. As for the heat conduction, the concepts of
control volume and heat balance are utilized to analyze the
transient heat transfer finite difference equation numerically.

In addition the strain hardening rate has to be modified to
satisfy |6 — 6, + G,/ < 5%. The value of time increment At

has to be controlled to satisfy
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Rollang Force (N/mm)

Fig.4 Finite element mesh of the three-dimensional thermo-
elastic-plastic strip for the simulation of hot rolling

Table 1 Initial condition for the rolling simulation

,,.
&
o
153
J

750 MM VM — unit 1 727.0
500 —

] — AVEEvAayavan -- unit 2 328.5
250 —

4

0 T T T T T T T T T T T T I T [T T T T T T T[T I TTT 7177

10 20 3¢ 40
Rotation Length (mm)

Fig. 5 History of rolling force of units 1 and 2

Roller Roller rotation
Strip Strip Strip Reduction radius, mm speed, rpm
Unit length,mm  thickness,mm  width, mm ratio, % Upper Lower Upper Lower
1 25.10 6.27 18.82 14.17 79.38 79.38 19.20 19.20
2 25.10 6.27 18.82 14.17 79.38 79.38 19.20 19.20
3 25.10 6.27 18.82 14.17 79.38 79.38 19.24 19.20

| _ Iade(n) - 26— A9 + &t~ 249)
- le(h)!

In this article, e < 0.005 so as not to diffuse the equation. To en-
sure that the solution of Eq 9 can converge, therefore:

For the initial condition of the rolling simulation and the fi-
nite element mesh of the strip, see Table 1 and 2 and Fig. 4. Unit
1 involves an isothermal symmetrical cold rolling at a tempera-
ture of 25 °C. Unit 2 is a nonisothermal symmetrical hotrolling,
in which the initial temperature of the strip is 420 °C. The initial
temperature of the roller is 40 °C. the cooling agent is water at
a temperature of 40 °C. The heat transfer boundary conditions
of unit 3, which involves a nonisothermal unsymmetrical hot
rolling, are the same as those of unit 2. The rotation speed of the
upper roller is 19.24 rpm, and that of the lower roller is 19.20
rpm. The cross section and series number of Lx, Ly, and Lz of
the strip as shown in Fig. 4 were introduced first to facilitate the
analysis of results. The simulation conditions in Tables 1 and 2
are taken as the Al-Salehi experimental condition (Ref 8) for
cold rolling. Unit 1 of symmetric cold rolling is conducted to
simulate the Al-Salehi experimental results.

The Tseng (Ref 5) experiment data were chosen as the mate-
rial properties of aluminum strip. For aluminum strips 0f 99.6%
purity, its effective stress is shown as the function of strain,
strain rate, and temperature as:
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- ®)
— — € 1.436
o = A(0)B(8)e"® ex
(©)B(6) )[5X104 p(8X10—5X933X91|m

t4

where,

o = effective stress

T = strip temperature, K

T, = melting point of aluminum strips, 993 K
A(©)=100x[1-(8-0.08) xexp (1 -0)]
B(8) = 305X [1 +n(®) + m(®)]

0.0 <0<0.54716, m(8) = 0.055980

0.54716 <6 < 1.0, m(0) = 0.336 (6 — 0.456)

n(0) =0.5x {1 -0x exp[0.5535[1 - é—]]}
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Fig.6 Three-dimensional strip shape of unit 1 at final steady state

Table 2 Input data of the rolling simulation

Initial Initial temperature Initial temperature Room
Unit AD, mm of the strip, °C of the roller, °C temperature, °C
1 0.018 25 25 25
2and3 0.018 420 40 25

The other material properties of aluminum strip are as follows:

Young’s modulus = 68.5 GPa

Poisson’s ratio = 0.33

Linear expansion coefficient = 3.2 x 10~5/°C
Heat-transfer coefficient (k) = 0.22 W/mm? °C
Density (p,) = 2.6 glem?

Specific heat (cy) = 1.13 J/g °C

Air heat transfer coefficient (h,)) = 2 X 10~ W/mm? °C

Surface emissivity (g,) = 0.2
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Efficiency of deformation energy transformed into ther-

mal energy (1) = 0.95

7. Results and Discussion

This study developed the three-dimensional coupled
thermo-elastic-plastic finite element model of nonisothermal
rolling and analyzed the curvature of aluminum strips caused
by the difference in the heat transfer boundary conditions of the
upper and lower rollers. The difference in the rotation speed be-
tween the upper and lower rollers was utilized in an attempt to
correct the aforementioned curvature in hot rolling due to un-
symmetrical heat transfer boundary conditions. In addition, the
changes in shape, temperature field, and strain field of the strip
during the various stages were analyzed and can be used to ob-
tain the lateral plastic flow of the strip.

To verify the justification of the three-dimensional coupled
thermo-elastic-plastic finite element model of unsymmetrical
rolling derived in this study, a unit of cold rolling simulation
was conducted. The obtained rolling force was then compared
with the experimental data of rolling force from published stud-
ies. The first unit involves the cold rolling of an aluminum strip
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Fig.7 Displacement of the cross section (Lx = 8) of unit 2 at
middle steady state

Table 3 Rolling torque of unit 1 of cold rolling compared
with the experimental data of Ref 8

Rolling torque, Difference
Source N-mm/mm rate, %
Torque meter 1944 18.1
Integrated experimental results 2291 0.22
Calculated (Bland and Ford) 2345 -2
This work 2296 0

Difference rate is the rolling torque of this paper minus the experimental
data divided by the rolling torque of this paper.

Table4 Average rolling force of the three units

Average rolling force, N/mm

Upper Lower
Unit roller roller Aggregate  Difference
1 727.0 727.1 727.0 0.1
325 332 328.5 7
3 344.4 344.6 3445 0.2

Difference is rolling force of lower roller minus rolling force of upper
roller.

under an isothermal state. Figure 5 shows the history of rolling
force. The average rolling force is 727 N/mm. The experimen-
tal data from the Al-Salehi (Ref 8) study is 696 N/mm. There-
fore, the difference is only 31 N/mm, or a mere 4.5%, which can
be seen as an acceptable calculation error. This indicates that
the results in this study are accurate. In addition, the rolling
torque is compared with the experimental data. The average
rolling torque of the first unit of cold rolling is 2296 N-
mm/mm. The experimental values reported by Al-Salehi (Ref
8) are 1944 N-mm/mm for torque meter, 2291 N-mm mm for
integrated experimental results, and 2345 N/mm/mm for calcu-
lated (Bland and Ford). Results indicate that the simulated val-
ues in this paper fall in the range of experimental values. The
differences are listed in Table 3. Li and Kobayashi (Ref 1) used
the rigid plastic finite element method to solve the plane-strain
rolling problem. The average rolling torque derived from the
numerical simulation analysis is approximately 3000 N-
mm/mm, which verifies the feasibility of this paper.

Table 4 lists the average rolling force of the upper and lower
rollers and the aggregate average rolling force of each unit. The
difference in the average rolling force of the upper and lower
rollers (the average rolling force of the lower roller subtracted
by that of the upper roller) is also listed in Table 4. Since the
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7.34 12.34 13.34

Fig. 8 Strainrate of Lz = 5 plane of units 2 and 3

cold rolling conditions are completely symmetric in unit 1, the
difference between the average rolling forces of the upper and
lower rollers approaches zero. Unit 2 is nonisothermal hot roll-
ing, with an aggregate average rolling force of 328.5 N/mm,
which is only 45.2% of the aggregate average rolling force of
unit 1, and with a aggregate average rolling torque of 1253 N-
mm/mm, which is only 54.6% of the aggregate average rolling
torque of unit 1. Results indicate that hot rolling can greatly re-
duce the rolling force and the rolling torque. Further, there is a
difference of 7 N/mm in the average rolling forces of the upper
and lower rollers in the simulation due to unsymmetrical heat
transfer boundary conditions. Unit 3 is the nonisothermal and
unsymmetrical hot rolling with different roller speeds. The dif-
ference in the rotation speed was used to correct the effects
caused by the difference in heat transfer boundary conditions.
The aggregate average rolling force is 344.5 N/mm, whichis 16
N/mm more than that of unit 2. This increase indicates that the
difference in the rotation speed of rollers will result in an in-
crease in rolling force. But the difference in the rolling forces of
the upper and lower rollers is close to zero. In terms of the
analysis of rolling force, unit 3 can effectively correct the un-
symmetrical difference caused by unit 2, but will result in the
increase of the aggregate average rolling force.

Figure 6 is the three-dimensional strip shape of unit 1 at the
end of the steady state. The upper and lower surfaces (Ly = 1)
of the strip extended sideways by about 1.2% at the final stage
of rolling, whereas the central surface (Ly = 3) extended side-
ways by about 3.1%. Compared with the experiment by Lahoti
et al. (Ref 15), in which the average sideways extension is 2%
under the conditions of width-height (W/H) = 3 and reduction
ratio = 15%, these results are still reasonable. Figure 6 shows
that there is the phenomenon of bulge at both sides of the strip
exit, while there is a dent at the front end close to the two sides.
There is also a bulge at the center end because the easy plastic
flow on the upper and lower surface of the strip resulted from
the lack of restriction from the roller friction on the two sides of
the strip near the front end. As for the center front end, since it
is a free end, the phenomenon of bulge is natural during plastic
deformation.
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Fig.9 Comparison of strain rate of the three units on the Ly =
3 and Lz = 5 plane

Figure 7 shows the displacement of the cross section (Lx =
8) of unit 2 when the rolling reached the middle steady stage.
Figure 7 indicates the lateral plastic flow of the strip during
rolling, which provides a better understanding of the bulge phe-
nomenon,

Unit 2 involves nonisothermal hot rolling. The function of
the coolant resulted in unsymmetrical heat transfer conditions,
which in turn caused vertical curvature. The curvature deviates
0.6 mm upward from the center line. In unit 3, a difference in
the rotation speed of the rollers was used to correct the strip
shape. The rotation speed of the upper roller was set at 19.24
rpm, and that of the lower roller was set at 19.2 rpm. Figure 8
shows that the resulting center line of the strip was almost hori-
zontal, which proves that the strip curvature caused by non-
isothermal rolling can be corrected by adjusting the rotation
speed of the upper and lower rollers.

Since the theoretical model in this study assumes the strip to
be thermo-elastic-plastic, the area with a strain rate slightly
larger than zero is the plastic deformation zone. Hence, from
Fig. 8, the plastic deformation zone roughly starts before the
entrance and ends at the exit. However, whether in cold rolling
or hot rolling, the highest strain rate occurred at the surface
within the rolling area near the entrance. The connective line is
divided at the neutral point. Between the entrance point and the
neutral point, the curve bends toward the entrance point. Be-
tween the neutral point and the exit, the curve bends toward the
exit point. Figure 9 shows that the order of the strain rate value
is unit 1, unit 3, and unit 2. Results indicate that a larger strain
rate occurs during cold rolling; hot rolling tends to yield a
smaller strain rate due to the easy plastic flow of metals. But the
value of strain rate increases in unsymmetrical hot rolling. Hot
rolling also causes plastic deformation to occur earlier.

In Fig. 9, the strain rate of unit 1 still stands at zero at point
one, while those of units 2 and 3 have obviously gone beyond
that. The strain rate of the node of strip close to the entrance
point shows a steep increase. The strain rate reaches the highest
value near the entrance and then declines very quickly after-
ward.
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Fig. 10 Temperature distribution of Ly = 3 and Lz = 1 plane of
unit 2 with middle stage

Figure 10 shows the temperature distribution of the Ly =3
and Lz = 1 cross section of unit 2. The temperature at the center
portion before the entrance point is higher because between the
neutral point and entrance point, the strip moves toward the en-
trance point, resulting in higher temperatures at portions close
to the sides. Between the neutral point and the exit point, the
plastic flow of the strip moves toward the direction of the exit
point. As a result, the higher temperature occurs at the center
portion of the strip. In addition, since there are no experimental
data on temperature distribution available in related studies, re-
sults are compared with the simulation analysis by Dawson
(Ref 16), as shown in Fig. 5. Reference 16 records the same dis-
tribution trend, and the temperature contours are approxi-
mately parallel to the roll surface, indicating an overall heat
flux in the direction of the roll. The feasibility of this paper is
thus verified. Further, the difference in heat transfer boundary
conditions causes the unsymmetrical temperature distribution
on the upper and lower surfaces of the strip, with a temperature
difference between the two surfaces reaching 30 °C. The differ-
ence in temperature is entirely determined by the heat transfer
boundary conditions. In unit 3, the difference in the rotation
speed of the upper and lower rollers also causes unsymmetrical
temperature fields of the upper and lower surfaces of the strip.
The greater rotation speed of the lower roller results in a rela-
tively greater displacement of the lower surface. This causes an
increase in stress and strain, which in turn produces a greater
plastic deformation heat and friction heat. The value derived
from heat transfer has a smaller effect and thus becomes less
distinct in hot rolling.
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Figure 11 compares the temperatures on the Ly =3 andLz =
S cross sections. It shows that the temperatures of units 2 and 3
are almost the same, which indicates that the major changes in
heat in hot rolling come from heat transfer.

8. Conclusions

This study successfully developed the finite element model
of the three-dimensional coupled thermo-elastic-plastic roll-
ing. The transfer boundary conditions in an actual rolling were
completely considered by the transient finite difference method
to obtain the temperature field of the strip and analyze the non-
isothermal rolling phenomenon. A cold rolling simulation was
also conducted using this model. Results indicate that the size
and distribution of the rolling force and the rolling torque com-
pared with the experimental data obtained by Al-Salehi (Ref 8)
are reasonable. There were bulges on the front and rear ends
and both sides of the strip at the final stage of rolling. Compared
with the experiment by Lahoti et al. (Ref 15), the theoretical
model and computer program developed in this study are rea-
sonable. In addition, we analyzed the effects of unsymmetrical
heat transfer boundary conditions on the strip. Finally, a differ-
ence in the rotation speed of rollers was used to correct the ef-
fects of unsymmetrical heat transfer boundary conditions. The
following important conclusions were drawn in this study.

Hot rolling can greatly reduce the rolling force. Unsymmet-
rical heat transfer boundary conditions will cause unsymmetri-
cal rolling forces of the upper and lower rollers. However, the
above condition can be corrected by the difference in the rota-
tion speed of the rollers. This correction can achieve the sym-
metrical distribution of the rolling force and result in an
increase of the aggregate average rolling force.

In this study, the rotation speed of the upper roller was set at
19.24 rpm, and that of the lower roller was set at 19.20 rpm to
successfully correct the strip curvature due to unsymmetrical
heat transfer boundary conditions. The displacement of the
various points of the strip also offers some insight into the plas-
tic flow of the strip during rolling.
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The easy flow of metals during hot rolling results in an early
appearance of plastic deformation and a smaller strainrate. The
difference in the rotation speeds of the roller will produce a
considerable increase of the strain rate.

The distribution of temperature field is greatly affected
by the heat transfer boundary conditions. For example, in
unit 2, the difference between the temperatures of the upper
and lower surfaces of the strip is as high as 30 °C. The im-
pact of the difference in roller rotation speeds on plastic de-
formation rate and the friction heat is not very impressive
compared with that of heat transfer boundary conditions. In
other words, there is not much difference between the tem-
perature fields of units 2 and 3.
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