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Abstract: The forging model for cold rolling is one of the rolling models which is
used in rolling calculations. In this model, the final rolling pressure is an average
value and it is not as accurate for actual and industrial cases. Also, by using
forging model, friction hill curves are plotted due to the central point of rolling bite
length while frictional stresses intersect at the neutral point of rolling bite. In this
study, a new model based on the forging model is presented to determine the
rolling pressure during cold rolling process for using in a reversing tandem mill,
where this is called “Improved forging model”. In the proposed model, the
intersection of the frictional forces is the neutral point. Finally, the computing
results from this new model coincide well with the precedent investigations.
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1 INTRODUCTION

Cold thin strip can be rolled on a tandem cold mill or a
reverse mill where the work rolls are flattened [1].
Fleck et al., [2] conducted the analysis of cold rolling
of foil, and Zhang analyzed the rolling of thin foils [3].
Sutcliffe and Rayner developed a model for rolling of
thin strip [4]. Matsumoto presented an analysis model
of flat cold and temper rolling elastic deformation of
thin strip [5]. In other researches, its shape and flatness
has been calculated [6], [7]. The analysis of cold rolling
process has attracted the attention of a number of
researchers. The slab method is one of the best methods
which can be applied for analyzing the rolling force
and torque. In this method, a slab of infinitesimal
thickness is selected perpendicular to the rolling
direction at an arbitrary point in the rolling length. First
of all, force balance is made on the element by the slab
method. From force balance a differential equation in
term of the forming stress is formulated. Then, the
constants of integration are derived using appropriate
boundary conditions.

Starting from the pioneering work of von Karman,
some researchers have applied slab method for the
analysis of flat cold rolling process [8], [9-12]. In the
case of thin strip or foil (thickness below 0.2 mm)
rolling, deformation may be considered fairly
homogeneous across the thickness of the strip.
Hitchcock’s formula [13] used by early researchers
which is based on the assumption that the work rolls
remains rigid and hence because of roll flattening, it
cannot be used for foil rolling. Fleck et al., [14] have
developed a theory for cold rolling of foil using slab
method. In their model, the effect of frictional forces on
roll deformation has been neglected. They have not
considered strain hardening.

Dixit et al., [15] developed a Finite Element Model of
cold flat rolling process. In his model, the effect of
strain hardening and friction model is highlighted. Shi
et al., [16] have observed a significant difference
between the roll torque computed by energy balance
method and that computed by taking the moments
exerted on the work rolls by the strip. For plasticity
problems, some friction models have been used to
evaluate applied loads, material flows and deformation,
as reviewed by Schley [17]. For dynamic friction force
model, Tan has developed a new dynamic friction
model and he has successfully applied it to establish
solution to the point-strain compression [18].

In the forging model for rolling calculations, friction
hill curves are plotted due to the central point of the
rolling bite while frictional stresses intersect at the
neutral point. In this study, a new model based on the
forging model is presented to determine the rolling
pressure during cold rolling process. Also, in all
mentioned studies, the presented rolling force or rolling
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pressure models are not applicable in actual cold rolling
conditions. In their calculations, many of rolling
parameters are not inserted. The forging model for cold
rolling process is based on the slab method. By using
this model, the computed rolling pressure is very
different from an actual rolling process. Many
parameters occur during the cold rolling such as work
rolls flattening. These problems influence on the rolling
pressure.

The new model is a function of some rolling process
such as Flattened roll radius, Forward slip of the strip,
forward and backward tensile stresses exerted at the
ends of strip, static deformation resistance and velocity
of strip before and after rolling. Being applicable for
actual rolling conditions is the novelty of the presented
model in this study. Based on this model, the strip is
pressed between the work rolls according to Fig. 1(a).
According to Fig. 1 (b), as the strip enters the rolling

gap with hy thickness, it begins to press and it reaches
to hf thickness. The rolling pressure, increases from

the entrance point to the exit point. The maximum
amplitude of the rolling pressure is in the neutral point
according to Fig. 1 (b).
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Fig. 1 (a) Compression of strip between two work rolls
(b) Friction hill curve along the rolling arc of contact
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Fig. 2

As it can be shown in Fig. 2, the roll radius, rolling
angles corresponding to the rolling arc of contact and
the neutral point are R, o and 3. Finally, based on the
forging model, a new model for computing the rolling
pressure and load for actual cold rolling conditions has
been proposed.

2 MODELIZATION OF THE PROCESS

Fig. 3 shows the rolling of a strip with h thickness and
b width with a plane strain condition. The width of
Strip does not change during the rolling process and the
plastic deformation is in the x-y plane.

Fig.3  Stress distribution along the rolling length

The stresses of strip during the rolling are plotted
according to Fig. 3, where the equilibrium of the forces
along the x axis will be:

(oy + doy)hw — o, hw — 2updxw = 0 )

0

Where oy is along the x axis, P and p are rolling
pressure and friction coefficient. So, pp is the shear
stress due to frictional forces. The direction of the
shearing forces is toward the inside plane of rolling
bite. By simplification Eq. (1), leads to:

hd o, — 2updx =0 (2)

Because of a very low friction coefficient, oy, = —p.
According to Von Misses plane strain condition:
01— 03=0x—0,=0x+p =2k (3)

Because the flow friction coefficient 2k is constant, Eq.
(3) becomes:

do, = —dp (4)

By substituting equation (4) into Eqg. (2), leads to:

dp _ —2u
?— th 5)

Solving the Eq. (5), gives:

In p:%x +c (6)

Applying the boundary condition: at ¢ = 0,p = 2k,
into Eq. (6), the amount of C becomes:

Inp = —"R'8 +C - c = 2k; )

Where 8, is the neutral point and R’ is the flattened
work roll radius. Therefore, the distribution of the
rolling pressure from neutral point to exit point can be
obtained as:

p 2URI(@)
——=e & ®)
2kf

Eq. (8) is the rolling Pressure over the rolling bite.
Thus, the rolling force, is given by:

F=[ptde+ [ p=de ©)

Where h, and hy are thicknesses of strip before and
after rolling. p"' is rolling pressure from entrance point

to the neutral point and p~ is output rolling pressure
from the neutral point to the exit point.
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Fig.4  Vectors of friction forces along the rolling arc of
contact [19]
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Fig.5  Speed vectors along the rolling arc of contact [19]

The friction hill or rolling pressure curve is rolling
pressure distribution at every point of the rolling bite.
This pressure increases from the entrance point and its
maximum amplitude is at the neutral point. In the
neutral point, the friction forces are in opposite
directions (Fig. 4). Fig. 5 shows the speed vectors along
the rolling arc of contact. According to Fig. 5, the
rolling speed increases from the entrance to exit point.
In the neutral point, the difference of speeds of strip
and rolls are zero. During an actual or industrial cold
rolling process, the exit speed of strip is greater than
the peripheral speed of work rolls. This difference is
due to the forward slip of rolling process. During the
rolling according to Eq. (10), the exit speed of strip is
greater than the peripheral speed of work rolls. In Eq.

(10), f; is the forward slip of strip, [20].

Vo-Vyr

f, = (10)

Ur

Bland and Ford showed that the forward slip should be
computed as a function of cold rolling parameters and
strip geometry according to Eq. (11), [20].

2
f, = (tan \EHH> & %:((hO,R’) (11)
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H, = Hy (3 hy, by, 05, 07, ki, Ko, 1) &
hj-hgo
= (% —1&)2 2. 1R
o= (Fan (ﬁta“ ﬁ) (12)

In Eq. (12), ¢ and H,, are two functions. Also, Kk; and

k¢ are resistances to the deformation of strip before
and after the plastic deformation of rolling process. The
other essential parameters are [20]:

o= (8) |

Finally, the friction coefficient during the cold rolling
becomes [20]:

} (13)

o~

(14)

According to Akulund's model, the roll flattened radius
is [21]:

" — L F
R =R(1+=.2) (15)
From ref. [21], the amount C for steel rolls is 0.22 X

107*. tp and tf are backward and forward tensile
stresses. The rolling pressures with backward and
forward tensile stresses can be derived as:

. t ZuR'(qa;
Pt =2k (1= Dyetrme
2URI(a—¢p)
p~ = 2ko(1 — —)e hetkie? (16)

2kp

By equalizing the rolling pressures from Eq. (16) at
both sides of the rolling bite, the neutral point will be
determined as:

2k, 1—t—b
<i1n—°( z"")+ %) a7)

1
o= ———
R’ R’
2 |[—tan~1 |—
M v

By increasing the number of points, the accuracy of the
plotted friction hill curves increases. In this study for
validating the new rolling pressure model, the
information used, are from an industrial cold rolling
process. They have been obtained from a rolling
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program in two stand reversing cold mill which are
listed in tables 1 and 2.

Table 1 Rolling process in two stand reversing cold mill
[20]

Rolling process

T T £ 8 2

E € s B 2

%] :,-,/ g 5] Q@

17} a3 17} = o

o % =] = ko] = Q
E= = S = ©

= = S 3 S

— @ x —

= = Q 2 =}

£ L 0s] E

Mpa Mpa

1 1 2 1.3 103 1854  0.05
2 1.3 0.86 1854 108.1  0.06

2 2 08 056 1081 1957 0.03
1 056 0.4 195.7 164.8  0.05

3 1 0.4 0.31 164.8 206 0.04
2 031 025 206. 65.1 0.03

Table 2 Strip properties in two stand reversing cold mill

[20]
Strip properties
St1008
Poisson’'s ratio 0.29
Modulus of elasticity 200 Gpa
Yield strength 280 Mpa

Plastic stress-strain relation o, = 658¢,%%*

ton

Density 7.782 ey

Poisson's ratio 0.29

Modulus of elasticity 200 Gpa

3 RESULTS AND DISCUSSION

Fig. 6 shows the two stand reversing cold mill system.
According to Fig. 6, there are 3 passes with 2 Steps in
each rolling pass. First of all, a coil is fed into the
payoff reel and it was passed among two stands and its
end was clamped at the delivery reel. The first cycle
does among the payoff and the delivery reels and the
second will be done on the opposite direction between
the delivery and input reels. Finally the third will be
done in the opposite direction between the same reels
[20]. In Fig. 7, friction hill curves are plotted according
to the table 1 from neutral point to the exit point. In
Fig. 8, they are plotted along the total rolling arc of
contact by the present rolling pressure model.

(@

Fig.6  (a) Two stand reversing cold mill (b) Stand tandem
cold strip mill process (1) Delivery reel, (2) Tension meter,
(3) Laser speedometer, (4) Thickness gauge, (5) Stand #2,

(6) Stand #1, (7) Input reel and (8) Pay off reel
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Fig. 7 Friction hill curves from neutral point to exit point
according to Table 1

Fig. 4 shows the friction hill curves based on the new
model. According to Fig. 4, increasing the rolling
passes, increases the rolling pressure and work roll
flattening. Figs. 7 and 8, show the accuracy of the new
model. This is an applicable model to determine the
rolling pressure during the reversing cold rolling
process in actual conditions.
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Fig.8  Friction hill curves for cold rolling process

according to Table 1

In Fig. 9, the maximum rolling pressure obtained from
Bland and Ford model is compared with the present
pressure model based on tables 1, 2, where they
coincide well together. According to Fig. 10, forward
tensile exerted on the ends of strip, reduces the rolling
pressure from the neutral to the exit point and it also
moves the neutral position toward entrance direction,
where this decreasing amount is based on Eq. (18).

_ tr
P+f = 2k¢(1 "%

(18)
Increasing the number of rolling passes, increases the
work roll flattening and the rolling load. Increasing rate
of rolling load when the rolls are rigid, are less than
when the rolls begin to flat. Because of the roll
flattening, there is a severe increase in the rolling forces
in final passes of rolling process. As it demonstrated in
Fig. 10, the forward tensile stress exerted at the ends of
strip decreases the pressure at output point of rolling
bite. Also it decreases the work hardening of the strip.
According to Fig. 11, backward tensile stress exerted at
the ends of strip moves the position of the neutral point
toward the exit side and it also decreases the rolling
pressure at the entrance point of the rolling bite, where
this decreasing amount is based on Eq. (19). Because of
higher frictional surfaces, not only roll flattening
increases the amount of rolls power, but also it
increases backward slip at the entrance point [22].

— t
P b=2kb(1—ﬁ

(19)
In Fig. 12, the effect of tensile stresses on the rolling
pressure and on the residual stresses of strip is
considerable. In Fig. 12, the new neutral point is the
intersection of blue and red curves which is about 0.008
radian of rolling bite angle.
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Fig.9  Comparison of maximum cold rolling pressure
obtained from Bland & Ford model with the new model
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Fig. 10 Effect of forward tensile stress on the rolling
pressure
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Fig. 11 Effect of backward tensile stress on the rolling
pressure



Int J Advanced Design and Manufacturing Technology, Vol. 8/ No. 2/ June - 2015 79

Rolling pressure (Mpa)

i P2. St41

Friction Coefficient= 0.05

t,=164.81 Mpa, £,=195.7 Mpa ==

0 0.005 0.01 0.015 0.02 0.025 0.03
Degree (rad)

Fig. 12  Effect of applied forward and backward tensile

stresses on the rolling pressure

Figs. 7-12 demonstrate the accuracy of new model in
compliance with Bland and Ford model. In the new
model, the origin of coordinate along the horizontal
axis is the exit point.

CONCLUSION

The most work hardening and residual stresses
are in the first pass and there is a good
compliance with passl-stand#1l with other
researcher's results such as Larke and Rowe [23].

According to Fig. 11, there is a good compliance
with Bland & Ford and the presented model. The
proposed model can be used for industrial
reversing cold rolling processes.

Tensile stresses applied to the ends of strip
decrease the rolling pressure.

Backward tensile stress exerting at the end side of
strip, moves the position of the neutral point
toward the exit side. Also, it decreases rolling
pressure at the entrance point of rolling bite.

Forward tensile stress exerting at the end side of
strip moves the position of the neutral point
toward the entry side and also, it decreases the
rolling pressure at the exit point of rolling bite.

[é)]

NOMENCLATURE AND SUBSCRIPTS

~ T T

Normal stress [Mpa]
Friction coefficient

Rolling pressure [Mpa]
Shear strength of strip [Mpa]

h Thickness of strip [mm]

hg Initial thickness of strip [mm]

h¢ Final thickness of strip [mm]

R Work roll radius [mm]

R' Flattened roll radius [mm]

a Rolling arc angle [radian]

) Neutral point angle [radian]

0] Rolling bite angle [radian]

k¢ The deformation resistance of strip at the exit
point [Mpa]

A Peripheral speed of the work rolls [mm/sec]

Vo Exit speed of strip [mm/sec]

k;, ko Resistances to the deformation of strip before
and after rolling [Mpa]

fs Forward slip of the strip [Mpa]

tp Backward tensile stress  [Mpa]

te Forward tensile stress [Mpa]

W Width of strip [mm]

oy Yield strength of the strip [Mpa]
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