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ABSTRACT

Accurate characteristics of roll pressure distribution is essential in the estimation of the energy
and power requirements for parts undergoing plastic deformation. The nature of the pressure
distribution is very sensitive to the friction coefficient between the roller and the deformed part.
The physics of the deformation process points to a variable friction coefficient, however, current
research and practices result in the use of a constant friction coefficient. This work explored the
development of a technique to determine a quantitative relationship between the variable friction
coefficient and the process parameters. The pressure distribution was then developed within the
contact region using the variable friction coefficient model. Results show that current approach
used by industry (‘the rule of thumb’) overestimates the pressure distribution, compared to the

current research, thus wasting power needed for the rolling operation by about 18%.
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INTRODUCTION

In order to meet the ever-increasing demand for
high quality and low cost products, it is very
important to obtain accurate models for the
evaluation of process parameters. Since the
output of rolling process is almost a finished
product, controlling the parameters affecting
this process is important. Engineers have to
manipulate a lot of parameters such as the
speed of deformation, the amount of defor-
mation, the temperature at deformation, lubri-
cation, and material properties in order to
achieve a desired outcome in the rolling pro-

cess. The goal of this research is to develop a
technique to accurately determine the charac-
teristics of the pressure distribution during a
rolling process. The determination of the accu-
rate characteristics of pressure distribution
within the contact zone is essential for the accu-
rate estimation of the energy and power re-
quirements for the plastic deformation of the
part. It has been determined by metal formers
that the nature of the pressure distribution is
very sensitive to the value of the coefficient of
friction between the roller and the deformed
part (Beik and Dehghani, 2008). It has also
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been determined that the physics of the defor-
mation process points to a variable coefficient
of friction between the roller and the part
(Murthy and Vadivuchezhian, 2017). Current
methods used in the estimation of the friction
coefficient within the contact region include
experience, rule of thumb, trial and error, and
use of empirical formulae. These methods,
(Avitzur, 1964, Hill, 1963, Lenard, 2004,
Murthy and Vadivuchezhian, 2017, Roberts,
1997, Tieu and Liu, 2004), assume that the fric-
tion coefficient is constant within the contact
region. An accurate estimation of the friction
coefficient leads to a variable value within the
contact region. Davis et al., (2017) provided a
realistic estimation of instantaneous friction
coefficient within the contact region for slab
rolling operation. In their study, the “rule of
thumb” and other current methods were
improved using a new modelling technique
where the contact region was incrementally
analyzed to obtain the coefficient of friction.

Using the exit thickness as the reference, in-
cremental thicknesses were evaluated using
elemental roll angles. The result from the
incremental thickness was substituted into a
friction coefficient model which is modified to
evaluate friction coefficient at each incremen-
tal point (Davis et al., 2017). The objective of
this work is to develop the pressure distribu-
tion within the contact region, assuming a var-
ying friction coefficient from the entry to the
exit point and to compare the results with ex-
isting models.

ROLLING PRESSURE MODEL

Fig. 1 shows a model for plastic contact roll-
ing. In this figure, his the initial slab thick-
ness, hy is the final slab thickness, Vj is the
entry velocity, V; is the exit velocity, Ry is the
roll radius, N is the rotational speed of the roll,
V., is the roll velocity, and d6 is the included
roll angle for the elemental strip within the
deformation zone.

s

Fig. 1: Plastic rolling contact model
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Varying friction coefficient on pressure distribution... 13

From Fig. 1, a force analysis on an elemental
strip within the contact region results in a
stress equation shown in Equation 1. In this
equation, oy is the axial stress, Py is the roll
pressure at angle 0, and L is the friction coef-
ficient. The stress equation shows a high influ-
ence of the frictional coefficient.

P20 _

To reduce the effects of friction, a second roll-
er could be introduced as shown in Fig. 2.
Once again, a force analysis on an elemental
strip within the contact region results in a
stress equation shown in Equation 2. It can be
seen from Equation 2 that the influence of
friction has been greatly reduced with the loss
of the second term in Equation 1. Equation 2
was first derived by Von Karman (Dieter,
1976).

N T 1+ +

Researchers in this field have solved the stress
equation with several assumptions. One of the
assumptions is that the friction coefficient is
constant within the contact region. According
to the principles of physics, the magnitude of
the friction force between surfaces in contact
decreases continuously as it changes from the

mm Py +

........ ..’.7.7

(D)

quasi-static to the dynamic modes. The physi-
cal behavior of the friction force is illustrated
in Fig. 3. In relation to dynamic rolling con-
tact, the friction force between surfaces in con-
tact changes from the part entry point to the
exit point. As a result, the friction coefficient
should also vary. The relationship between the
normal pressure P and the horizontal com-
presssive stress oy in Equation 2 is given by
considering the distortion energy criterion of

()

A S he

Fig. 2: Double roller plastic rolling contact model
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yielding for the plane strain condition. This is
expressed in Equation 3.

2
=7, =27
3

iy

= 77

7 e e e e (3)

Where o, and o3 are the principal stresses with-
in the contact zone, and oy, oy, and K are the
yield strength, flow stress, and the shear yield
strength of the work material, respectively.

Considering a stress element within the defor-
mation zone as shown in Fig. 4 and assuming
that the frictional force is very small and can

written in terms of o4 and P as shown in equa-
tion 4.

By 4 0=20 e (4)

Now, eliminating oy from Equations 2 and 4
and noting that the friction force changes direc-
tion in accordance with the relative speed be-
tween the roller and the part results in Equation

be neglected, the principal stresses in the ele- 27?- 7h — 27 TOM
ment can be evaluated as 6, = o, and 63_-P . 7
The negative sign accounts for the compressive + .(5)
nature of the stress. Thus equation 3 can be
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Fig. 3: Friction Coefficient Curve
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Fig. 4: Stress element in deformation zone

The complexity of Equation 5 makes it neces-
sary to obtain solutions by numerical methods.
Some simplification has been suggested by
other researchers for the purpose of obtaining a
closed-loop solution to Equation 5. The sim-
plifications are that: (1) the coefficient of fric-
tion (W) is constant at all points on the arc of
contact, (2) the angle 6 subtended by the work
in the deformation zone is very small, (3) the
shear yield strength (K) is constant, and (4)
there is an identifiable point where no slip oc-
curs between roller and the part, known as the
neutral point. Applying the above simplifica-
tions to Equation 5 and integrating, results in
Equations 6, 7, and 8. For details of the inte-
gration refer to (Gosh and Mallik, 1986).

n
_h 1. B o (6)
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7
7 e

=
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77
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Where, hy and h¢ represent entry and exit thick-
ness of the deformed part, respectively,

P . .
3K represents a non - dimensional roll

pressure, Oy, and o, represent back and front
tensions respectively. The pressure at the neu-
tral point is determined from either Equation 6
or 7. The value of the parameter A correspond-
ing to the neutral point (A,) is obtained by
equating Equations 6 and 7. The result is
shown in Equation 9.

7o
11 h7; 1- v 27
Tp=e =M — Ll
N SN (°)
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The location of the neutral point 8, correspond-
ing to A, can be obtained from Equation 8. In
practice, the estimation of pressure distribution
assuming constant friction coefficient has been
found to be deficient and results in gross over
estimation of the rolling stresses and this leads
to inconsistencies in product performance (Tieu
and Liu, 2004). This research seeks to improve
the accuracy in the estimation of force and
pressure distribution and friction hill within the
contact region of a rolling cylindrical element
on a flat surface. The next section analyzes the
pressure distribution within the contact region
using varying friction coefficient model (Davis
et al., 2017) and also comparing the results
with existing models (Avitzur, 1964, Tieu and
Liu, 2004).

ANALYSIS
TION
Pressure distributions were analyzed using the
constant friction coefficient approach and the
varying friction coefficient models. The con-
stant friction coefficient models considered
were the Rule of Thumb, Tieu Model, and
Avitzur Model. The varying friction coefficient
models considered were SG Roll Experimental
Model, Modified Tieu Model, and Modified
Avitzur Model (Davis et al., 2017).

OF PRESSURE DISTRIBU-

Pressure distribution for constant friction
coefficient

For rolling to be accomplished, the friction
coefficient between the work and roll interface
must be sufficient enough to overcome the roll
resistance. Equation 10 provides the physical
constraint of the process, where, p and 0, are
friction coefficient and bite angle respectively.

From Equation 10, and the input parameters of
Tieu, the theoretical friction coefficient was
evaluated to be a minimum of 0.085, while the
rule of thumb friction coefficient is normally
chosen as 0.1 for a cold-rolling operation
(Groover, 2007). Solving Equations 6, 7, 8, 9,
using Matlab Software, the variation of pres-

sure distribution for a rule of thumb friction
coefficient model (u = 0.1) is provided in Fig.
5. Friction between the work and roll interface
caused the pressure to increase exponentially as
the work entered the rolls until the maximum
pressure is attained at a location of about 0.026
radians from the exit point. Thereafter, the
pressure decreased almost linearly until the
work exited the roll.

The coefficient of friction based on Tieu and
Avitzur models were estimated (Avitzur, 1964,
Tieu and Liu, 2004). The variation of pressure
distribution was determined based on these two
models and are presented in Figs. 6 and 7. The
pressure distribution patterns for the three cases
for the constant friction coefficient models
were similar with minor differences in the peak
pressures and their location. Comparison of the
three cases of constant friction coefficient mod-
els (Rule of Thumb, Tieu Model, and Avitzur
Model) was made. The results are shown to-
gether in Fig. 8. It can be seen that as the coef-
ficient of friction increased, the no slip point
shifted towards the entry, and the peak pressure
increased.

The area under the pressure distribution curves
can be shown to be proportional to the power
and force required for the rolling operation.
Thus, as the friction coefficient increased, the
power required in performing the operation
increased. The detectable changes in the area
under the pressure curves, peak pressures and
the location of no-slip point compared with the
small changes in friction coefficient values
confirmed that the friction coefficient is a very
sensitive parameter.

Thus maximum care must be taken in its esti-
mation. It can be said that the Rule of Thumb
value which is used in industry leads to an over
-estimation according to the Tieu and Avitzur
models.

Pressure distribution for varying friction
coefficient

Referring to Fig. 4, the principal stresses are
evaluated by considering the fact that the fric-
tional stresses lead to non-negligible shear
stresses. Let the principal stresses be 61, 6,,
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Fig. 5: Variation of pressure distribution — Rule of thumb
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and o3 respectively.

. (11)

- 7
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Now, evaluating 6, from the distortion energy
criterion of yielding for plane strain condition,
by substituting 6,,and R into Equations 11, 12,
and then further substitution into Equation 3
results in the expression for c,, which is shown
in Equation 13.

1
n 2 2
..0 2
n, =2 = .
7 2
C P (13)

Assuming that the effect of strain hardening on
the material is negligible and thus the flow
stress (op) is constant, and differentiating o,
with respect to 0 results in the expression
shown in Equation 14.

772,
= - 77
- 277727 - 272
+ i e (1D
7?2 2

material. Now, rewriting Von Karman’s Equa-
tion (Equation 2) in another form results in the
expression shown in Equation 15.

y :

Substitution of the expressions for oo x and

00

o, into Equation 15 results in the expression
shown in Equation 16.

-7h- h .
n 2 2
20 2
5 m
n 2 z
+ 2h' 70 oz’
- h'?
=27 PN
+ 7 ... (16)

Making P’ the subject of Equation 16, results
in the expression shown in Equation 17, where
the normal pressure (P) and friction coefficient
() are functions of roll angle ().

Equation 17 is the expression derived for esti-
mating the pressure distribution along the con-
tact length when friction coefficient between
the work and roll interface is not assumed to be
constant. The complexity of Equation 17 makes
it necessary to obtain a solution by numerical
methods. Using finite forward difference meth-
od to further simplify Equation 17, results in
Equations 18.

The minus and plus (+) signs in equation 18
occur because the direction of the friction force
changes at the no-slip point. The plus sign ap-
plies between exit point and the no-slip point,
while the minus sign applies between the en-
trance and the no-slip point. The next para-
graphs demonstrate the variation of pressure
distribution using three varying friction coeffi-
cient models namely SG Roll Experimental,
Modified Avitzur, and Modified Tieu Models

Journal of Science and Technology © KNUST August 2017



20 Davis et al.
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developed and presented by Davis et al.,
(2017).

The SG Roll Experimental friction coefficient
is modeled and presented as shown in Equa-
tions 19 and 20.

R = - 0.21057% + 0.20877
+0.0606 ...... .......(19)

?mm = 0.3077774 0.0452 ... ... ....... (20)

Now, we illustrate the estimation of pressure
distribution using the friction coefficient ob-
tained from the SG Roll Experiment. Solving
Equations 18, 19, 20, using Matlab Software,
the variation of the pressure distribution using
the varying SG Roll Experimental friction co-
efficient model is determined. This is shown in

Fig. 9.

From Fig. 9, friction and slipping between the
part and the roll interface caused the pressure to
increase continuously as work entered the roll

until a maximum pressure of 2, = 1.044

2K

was attained at the no-slip point estimated to
0.023 radians from the exit point. A compari-
son of Figure 5 shows that the no-slip points
has shifted slightly toward the exit and the peak
pressure is lower than the constant friction co-
efficient value method. The varying friction
coefficient models for the modified Tieu and
Avitzur friction coefficient models are shown
in Equations 21, 22, 23, and 24, respectively.

Solving Equations 18, 21, 22, 23, 24 using
Matlab Software, the variation of the pressure
distribution for the Modified Tieu and Avitzur
friction coefficient models are shown in Figs.
10 and 11 respectively.

A comparison of the varying friction coefficient
models (SG Roll Experimental, Modified Tieu
Model, and Modified Avitzur) was made. The
result is shown in Fig. 12. The varying friction
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Fig. 9: Variation of pressure distribution — SG Roll Friction Model
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Do = 0.083 ... ... (22)

7 oy = 0.83957?
+ 0.1002 ...... ... .... (23)

Do = - 0.10672 + 52227
+0.0508 ...... .. ... (24)

coefficient models showed the same trend and
the same shape. The peak pressure for the
modified Tieu model was higher than the peak
pressures of the modified Avitzur and the

measured. The power required for the rolling
operation is proportional to the area under the
pressure distribution curve. For the same pa-
rameters, Tieu’s modified model would esti-
mate the highest power requirement.

A comparison of Rule of Thumb, Tieu,
Avitzur, Measured, Modified Tieu Model, and
Modified Avitzur Model was made. The results
are shown in Fig. 13. From Fig. 13, as the
coefficient of friction varied; (1) peak pressure
changed, (2) area under the pressure distribu-
tion curve changed, and (3) the no-slip point
shifted. Comparing each model with the exper-
imental results suggests that, the rule of thumb
model over-estimates the power requirements
while Tieu and Avitzur’s models under-
estimate the power. The under estimated pa-
rameters are undesirable in the cold rolling
operation because of the following reasons: (1)
cold rolling is a finishing operation in metal
forming and the product quality could be high-
ly compromised and (2) the life of the rolling
equipment may be shortened due to high
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stresses.

Table 1 provides a numerical comparison of the
parameters of the pressure distribution. It can
be seen that the measured parameters compare
most favorably with the Modified Avitzur
Model. Their no-slip points are similar, the
peak points are essentially equal in magnitude.
The area under the curve are close to each oth-
er. Their savings in power compared to the rule
of thumb model are almost the same. The Mod-
ified Avitzur Model resulted in 18% savings in
power compared to the rule of thumb model
while the Modified Tieu Model resulted in 16%
savings. Avitzur and Tieu’s original models
suggest 26% and 22% savings in power respec-
tively compared to the rule of thumb model.
This savings suggest lesser deformation forces
which could be a concern with respect to the
dimensional accuracy and precision of the
product.

CONCLUSION

Pressure distribution models have been devel-
oped within the contact region using a varying
friction coefficient model. The results of this
work allows the scientific and the engineering
work to realize the importance of applying var-
ying coefficient of friction in the evaluation of
the characteristics of the pressures in the con-
tact region during the plastic deformation of a

metallic slab. Through this work, the power
and energy requirements are determined more
accurately than the present methodologies.
The following specific conclusions may be
drawn from the results obtained in the work.

1. Current industrial practices overestimate
the pressures required for the rolling op-
eration. Though this ensures a permanent
deformation, it could lead to poor product
quality such as cracking.

2. A classical method proposed by Avitzur
and an empirical method proposed by
Tieu in attempts to improve upon the pre-
diction of the rolling pressure tend to un-
derestimate the pressure distribution from
the entry to the no-slip point and overesti-
mate it from the no-slip point to the exit
point.

3. There is 16% to 18% savings in the rolling
power requirement using the varying coef-
ficient of friction modeling techniques
over the traditional constant coefficient of
friction method.

4. The pressure distribution resulting from the
experimental friction coefficient model
compares favorably with the modified
Tieu model between the entry and the no-

Table 1: Comparison of pressure distribution parameters for various models

Friction Coefficient Models

Current Approach (Constant

Based on this Research (Varying Friction

Parameter Friction Model) Model)
Rule of . . Modified Modified .
Thumb Tieu Avitzur Tieu Avitzur Experimental
Theta Neutral (0y) - 0.0241 0.0201  0.0196 0.0189 0.022 0.023
Radians
Peak - (P / 2*K) 1.061 1.041 1.039 1.055 1.04 1.044
Area (A) — unit’ 0.1429 0.1122  0.1053 0.1196 0.1167 0.1159
Percentage Change 2148 22631 -1631 41833 -18.89

in Area (A %)
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slip points and compares favorably with the
modified Avitzur model between the no-slip
and the exit points.
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NOMENCLATURE
u Friction Coefficient

ho Initial Slab Thickness (mm) P, Roll Separation Force (N)
hy Final Slab Thickness (mm) o
Ry Roll Radius (mm) Average Flow Stress (N/mm’)
do Change in Roll Angle (radians) R’ )
0 Roll Angle (radians) qums of Flattened Rzoll (mm)
Py Roll Pressure at Roll Angle Ty Yield Stren.g th (N/mr’é)
F Friction F 7 O Back Tension (N/mm”)

riction Force (Ibf) Oyf Front Tension (N/mm?)
P Normal Pressure (Ib]92 N, Length of Rolled Part (km)
o Normal Stress (N/mm’) K Shear Yield Strength
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