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ABSTRACT

Hot rolling load predictions using the Orowan-Sims 
and Orowan-Pascoe methods are evaluated by comparing the 
flow stress extrapolated from tensile testing with flow 
stresses back-calculated from rolling loads measurements 
using the equations suggested by Orowan-Sims and Orowan- 
Pascoe. It was found that Orowan-Sims predictions are, in 
general, good to 3 0% of measured and Orowan-Pascoe within 
40% of measured loads.

The equation suggested by Sellars and Tegart for 
calculation of the flow stress was found not to be suit
able for all temperatures. Extrapolation was made for each 
individual temperature.
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I. INTRODUCTION

In designing metal forming operations, it is necessary
to predict, with some degree of confidence the forces,
stresses and energy involved in executing a given operation.
Methods for calculation of loads during hot rolling have
been proposed by several authors, but the one which has
provided a more fundamental approach is Orowan'*'. Even
though the solution is precise, it has the inconvenience
that the solution is tedious because it requires calcula-

2tions by graphical solution. Orowan-Sims and Orowan- 
3Pascoe proposed, by making simplified assumptions, simpler 

solutions to the problem of calculating hot rolling loads 
at the expense of some preciseness.

For the use of these methods it is necessary to know, in 
addition to the change In geometry of the part, the value 
of the flow stress of the material and the coefficient of 
friction between the rolls and the piece. In both methods 
mentioned above, sticking friction is assumed to occur, 
eliminating the importance the coefficient of friction 
with respect to the calculation of loads in hot rolling.
The determination of the flow stress then becomes the most 
important parameter for the calculations, but this value is 
strongly dependent on the two most important variables during
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processing, which are rate of deformation, or strain rate and 
temperature.

The- object of this work is to investigate the agreement 
between measured loads during hot rolling and calculated 
values of loads using Orowan-Sims and Orowan-Pascoe methods 
when the values of the flow stress are predicted from extra
polation of high temperature, high strain-rate tensile 
data.

abthur LAKES LIBRARY 
COLORADO SCHOOL ol MINES 

GOLDEN. COLORADO 80401
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II. LITERATURE REVIEW

A. Methods for Calculation of Hot Rolling Loads
Many theories for both hot and cold rolling have been

put forward in the last half century, beginning with the
4pioneering works of Siebel and Von Karman . Without any 

doubt the most comprehensive analysis of rolling was developed 
by Orowan'*' in which he was able to solve the equation for 
force equilibrium during rolling operations while very few 
simplifying assumptions were made.

In addition to force equilibrium, the most fundamental 
assumption made in the analysis of the rolling process is 
that of plane strain; In other words, that the material did 
not experience any change of its width during rolling. This 
Is a reasonable assumption provided the width is greater 
by at least a factor of two than the thickness. Additional 
important assumptions are that the volume of the material 
remains unchanged before and after rolling and that the de
formation is uniform.

1. General Analysis for Rolling. A free body diagram 
of the forces acting during rolling is outlined in Figure 1. 
Consider in that diagram an arc of the length Rdj2f and of unit 
width where R is the radius of the roll and 0 is the angle of
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f+df

Figure 1. A free body diagram showing the stresses acting 
on an element of material in the roll gap.
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contact. Let S be the normal stress imposed on the strip 
by the roll, then the normal force on the strip is equal to
SRd<J) and the horizontal component of this force is SRdcf) sin .
The frictional force is given by ySRd<f>, where y is the friction
coefficient, and the horizontal component of this force is 
SRd<f> cos <P. There is only one plane at which the strip moves 

at the same speed of the rolls, the so called neutral plane.
To the entrance side of this plane the metal is moving more 
slowly than the rolls and the frictional force acts to draw 
the metal into the roll. To the exit side of this plane the 
frictional force acts to retain the metal in the rolls.
Since the position of the neutral plane is not known, the 
horizontal component of the frictional force can be written 
as +ySR cos<f>d$ to cover the general case.

Assuming the horizontal forces in the bulk to be uni
form in the width and thickness direction and described on 
each side of the incremental section of f and f + df respect
ively, force equilibrium in the horizontal direction is des
cribed as:

f + 2 SR sin (p d <f) + PSR cos $d<}> = f + d f  Cl)

or

= 2 RS (sin $ + ycos <J>) (2)

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL oi MINES 

OaSSTcOLCmADO 00401
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Equation(2) is a simple description for force equilibrium 
in rolling.

2. Orowanfs Theory. In hot working operations for temp
erature higher than .5 melting point it is known that friction 
is high, and the flow stress is low. If friction were so high 
that it will be easier for the material to shear at the 
surface than slide at the roll metal interface, the material 
will stick to the rolls. This condition is called sticking 
friction and happens when^

where k is the shear strength of the material, and is related 
to the flow stress a^, by

compression between two rough plates inclined to each other

(3)

k = af/2 (4)

Assuming sticking friction equation (2) becomes

-rr = 2 RS sin <f> + 2 k c o s  <j> (5)

Orowan next took Nadai's solution to the problem of
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at a small angle 2a with sticking friction (see Figure 2). 
From Figure 2 an element of deforming material subtends 
an angle <J> with the center line of the platens; the stresses 
on this piece of material are shown.

Nadai proved that

and

T = - — • —  (7)a

where ar is the radial component of the stress on the element 
and x is the tangential component of the stress.

Orowan found the total horizontal force f by integrating 
r cos 9 using equation (6). He showed that

f = Sh - 7TKh/2 (8)

where h is the height of the vertical element analyzed. 
Substituting equation (8) into equation (5) gives

^  Ch (S - ^  ) ) - 2 R S sin $ + 2 k c o s  cf> (9)
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<Tm

Figure 2. A free body diagram showing the stresses when 
the material is compressed between two rough inclined 
platens.
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which is the original Orowan equation for force equilibrium
during hot rolling.

3. - Simplified Solutions to the Orowan Equation for Force
Equilibrium in Hot Rolling. The resultant analysis which
Orowan developed, in which the minimum of assumptions were
made, was incapable of analytical solution, and he developed
his classical homogeneous graphical method for the numerical
computation of the solution for a given set of conditions.

The complexity of his method undoubtedly caused later
research workers to develop solutions based on simplifying
assumptions which allowed analytical expressions to be developed,
thus avoiding most of the numerical integration involved at
several points in Orowanrs theories. Two simplified solutions
to Orowan1s equation are the most useful.

(a) Orowan-Sims Approximation. The first to provide a
2useful solution to Orowan's equation was Sims by making 

the assumption that <j> is sufficiently small that sin <[> = <{> 
and cos = 1 which is true for modest reductions and/ 
or for large roll radii. Substituting these terms into 
equation (9) it simplifies to the following

CIO)
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The solution to equation (10) for the exit side of the 
neutral plane is

The analogous solution for the entrance side of the neutral 
plane is

where ho and h^ are the initial and final thicknesses res
pectively.

In order to obtain the roll separating force per unit 
width, it is necessary to sum the vertical forces over the 
arc of contact. From Figure 1 it is easily seen that the 
total rolling load per unit width "P" may be calculated as 
follows

_  =  IL k: 2 (11)

K
s

(12)

J4> = 0
k sin <P Rd<t> +

k sin <J> Rd<f> (13)
n

COLO^K) SCh'X‘L -w 
COIwEJi,
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and for small angles of contact

S d 0 (14)
0 = 0

Figure 3 shows "S" as a function of 0 along with the 
position of the neutral point. Evaluation of Equation (14) 
is done by graphical integration or by computer integration 
and the total load is then evaluated as

Load = strip width x R (area under S - 0 curve).
(b) Orowan-Pascoe Approximation. The second approach 

to obtaining a simplified solution to the Orowan equation is
3due to Pascoe who approximated the roll pressure curves 

by two straight lines, meeting at a point 0n.
At the roll exit, the tangents to the roll surfaces 

are parallel so that the position is similar to compression 
between parallel platens, especially when "a" or "0 e ” is 
small. It has been shown that for parallel platens and sticking 
friction the roll pressure variation with position is given
by

(15)

where X is the horizontal distance from the first edges.
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O  ~ TOn Oe

F i g u r e  3 .  T he  f r i c t i o n  h i l l  f o r  h o m o g e n e o u s  c o m p r e s s i o n  

w i t h o u t  t e n s i o n  u s e d  f o r  c a l c u l a t i n g  t h e  l o a d s  i n  t h e  

O r o w a n - S i m s  m e t h o d .
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As seen in Figure 4, the roll pressure per unit width 
is given by the area under the curve so that the specific 
roll pressure is

P - 2 k L + 2 k L4hx (16)

where L is the length of contact between the roll and the
7material. Backofen has shown that the contact length 

may, in the absence of roll distortion, be evaluated from

L = y  Rr ho (17)

where r is the reduction ratio and R, ho are as defined 
previously.

B. Determining the Flow Stress During Rolling Using Tensile 
Testing

When the methods proposed by Orowan-Sims and Orowan- 
Pascoe are analyzed it is clear that the evaluation of the 
stress at which the material is going to flow (a^ ) is of 
extreme importance if these methods are to be used in hot 
rolling designs.

1. Factors Influencing the Flow Stress. In general
gthe flow stress of a metal is influenced by metallurgical



T-1878
- 14 -

k

y  :=o
■4 Rolling Direction ^

F i g u r e  4 .  A p p r o x i m a t i o n  o f  F i g u r e  (3 )  m ade  b y  O r o w a n - P a s c o e  

t o  f a c i l i t a t e  c a l c u l a t i o n s  o f  l o a d s .

ARTHUR CAKES EEBBARY 
COLORADO SCHOOL of MINES 

GOLDEN, COLORADO wunt
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factors such as chemical composition, metallurgical structure, 
phases, grain size etc. In order to make any kind of mathe
matical correlations these factors must remain constant for 
all test conditions. As will be seen later, differences in 
metallurgical factors can lead to erroneous predictions and 
conclusions. The test variables that influenced the flow 
stress relate to the conditions under which deformation 
occurs, specifically the temperature, degree of deformation 
(or strain) and rate of deformation (or strain rate).

In general the flow stress of a given alloy "a^11 can 
be expressed as a function of temperature, strain and strain- 
rate

af = f ( e, e, T) (18)

At low temperature the effect of strain-rate upon the flow 
stress is negligible, but at temperatures above the recrystalli
zation temperatures the influence of strain-rate upon the flow 
stress becomes increasingly important while the strain diminished 
its influence upon flow. Temperature has a strong effect on 
the flow stress, with the magnitude of this dependency varying 
for different materials, although it is well established that

9the strength of metals decreases with increasing temperature.
A noticeable feature of many stress-strain curves produced
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over a wide range of strain-rates and high temperatures, is 
the rapid initial rise of stress to a peak, followed by de
formation at constant stress, analogous to steady-state creep. 
This implies the flow stress approaches a unique value for 
a given strain-rate; temperature combination, independent of 
strain. It is this value that should also characterize the 
flow stress during hot rolling assuming the reductions are 
sufficiently large that this strain independent plateau stress 
is reached.

In order to analyze the predictions of the Orowan-Sims 
and Orowan-Pascoe equations, it is necessary to independently 
determine the flow stress, "cx̂ ", at the same temperatures 
and strain-rates utilized in the rolling experiments. However 
since the strain-rate under which the flow stress could be 
measured experimentally in the tensile testing equipment 
available was somewhat slower than the minimum strain-rate 
encountered in the hot rolling experiments, tensile test 
data had to be extrapolated to the higher strain-rates of the 
rolling operation, using a relationship that will allow pre
diction of the flow stress at the rolling conditions.

2. Quantitative Relationship Between Stress, Strain- 
Rate and Temperature. Steady-state deformation is interpreted 
as implying that deformation occurs at constant stress if 
strain-rate remains constant, similar to creep test where at

nHwwr
^ n ^ SCH'XJL ° f MINES GOLDEN, COLORADO 3Q4&
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a given stress the value of the strain-rate at steady state 
remains constant. For aluminum alloys in the strain-rate 
sensitive region the flow stress variation with strain-rate 
has been interpreted in terms of the motion of thermally 
activated dislocations'^.

The sensitivity of a material to changes in strain- 
rate increases rapidly with increasing temperature, so 
it is apparent that there is a close connection between in
creasing the strain-rate and decreasing the temperature.
After some empirical approaches'^ to relate stress, strain-

12rate and temperature, Orowan first suggested that steady
state creep could be treated as a balance between strain

13hardening and recovery. Cottrell and Aytekin then showed
that recovery is a thermally activated process and it can be
expressed by an Arrhenius type of expression. Zener and 

14Hollomon suggested that the flow stress at constant strain 
was related to both the strain-rate and the temperature in the 
following way

a = f (e exp AH/RT) Cl 9)

The quantity in parenthesis in equation (19) is the 
often called Zener-Hollomon parameter "Z", and implies that 
different combinations of strain-rate and temperature that
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have the same value of 11Z" should the same value of flow 
stress.

The first mechanistic relation that was proposed^ to 
relate strain rate, stress and temperature under creep con
ditions is

n
e = A2 a exp ( - Q/RT) (2 0)

even though based on reasonable fundamental assumptions 
C16,17) it has not been found to be completely general. A 
second relationship (18) that is more empirically based is

e = A 3 exp (a) exp ( - Q/RT) (21)

19later Conrad suggested the equation

e = S exp ( - Q/RT) sin h ( — ? )n (22)a c )

20and finally it was Garofalo who proposed the correlation 
for creep

e = A x (Sinh. (aa) )n exp C - Q/RT) (23)

which reduced to Equation (20) at low values of flow stress
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and to Equation (21) at high values of flow stress.
All the above derivations were done as studies of creep

analysis', hot deformation is similar to that occurring during
secondary creep of metals since the rate of recovery approaches
the rate of work hardening so that plastic flow occurs at
constant stress as da/de approaches zero, so it can be said
that hot forming is a thermally activated process^. The
similarity between deformation under hot working conditions
and creep has recently led to the proposal by Sellars and 

22Tegart that stress, strain rate and temperature are related 
for any hot working condition by

e = A 1 CSinh- (acr) )n exp C - Q/RT) (24)

20which is the same relationship proposed for creep by Garofalo
Equation C24) has been s h o w n ^ ^ ^ ^  to apply to hot 

working operations for a wide range of stress, temperature, 
and strain-rate combinations. To properly evaluate Equation 2 4 
from tensile test data several conditions with respect to the 
shape of the stress-strain curve must be satisfied. First 
the shapes of the stress-strain curves for all e , and T com
binations must have the same form. Furthermore the stresses 
utilized in Equation 24 should be obtained from a region of the 
stress-strain curve where the strain hardening rate is essen
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tially zero. Secondly the strains at which the stresses are 
measured should be constant. Results of several investigations 
for the parameter in Equation (24) are shown in Table 1 for 
several aluminum alloys. For comparison, the parameter ob
tained when Equation 24 was applied to the data obtained in 
this thesis work are also shown.
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Table 1 ,

Summary of data obtained from several investigators for the 
values of the constant in Equation (24)

Authors Alloy Q N a(psi
Kcal

-4Jonas Commercially 37.3 4.7 3.110
Pure Al.

McQueen Commercially .
McQueen Commercially 41.8 4.47 3.58 x 10

Pure Al.
Bayley Al 1100 37.9 4.85 .21
et al
Bayley Al 6061 38.1 6.42 .20
et al
Bayley Al 2017 38.2 5.33 .21
et al
Ramos Al 6061-T651 37.8 4.05 2.5 x 10“4
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III. EXPERIMENTAL PROGRAM AND PROCEDURES

A. General Experimental Procedure
In order to verify the validity of the equations pro

posed by Orowan-Sims and Orowan-Pascoe, measurements of the 
flow stress at the strain-rates and temperatures to be used 
in the rolling must be determined. These determinations 
were made using tensile testing. The limitations of tensile 
testing for this purpose will be discussed later.

As a matter of convenience, the measured rolling loads 
have been used to back-calculate the apparent flow stress 
using the equations for hot rolling load calculations and 
these values were then compared to the measured flow stress 
from tensile testing with appropriate extrapolations to the 
higher strain-rates encountered during rolling. Consistent 
agreement between the two flow stress values Implies the 
rolling load relationships are good approximations.

B. Materials and Sample Preparation
The material chosen for the experiments was aluminum 

6061-T6 because of the modest melting point and large 
availability of high temperature high strain-rate flow-stress 
data.

Tensile specimens were machined from small pieces cut
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from the as received plate, so that the specimen axis was 
parallel to the original rolling direction. The round speci
mens had -a gage length of 12.7 mm with a gage diameter of 
6.31 mm.

Two different plate specimen sizes of 6061-T6 were cut 
from the as received plate to be used in the rolling ex
periments :

50.8 mm x 104.1 mm x 101.6 mm and 
25.4 ram x 68.6 mm x 127.0 mm

C . Equipment and Experimental Procedures
1. Rolling Experiments

Cal Equipment. The rolling mill used was a model 4-055 
two high/four high, rolling mill manufactured by Fenn Manu
facturing Company with, capability for cold and hot rolling 
Csee Figure 5).. According to manufacturer, the mill is 
equipped with one pair of hardened and ground rolls of 
special alloy steel having a scleroscope hardness of 95 
minimum on the roll bodies and 85 minimum on the journals.
The rolls are precision ground and have a body diameter of 
130.4 mm.

The rolls are mounted in extra heavy duty precision 
roller bearings having a capacity of 50,000 pounds each.
Roll adjustment is made by a duplex hand wheel operating
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Figure 5. Front view of the equipment used during rolling 

experiments. The load cells mounted in the rolling mill send 
the signal to the transducer and the output of the transducer 
was recorded into the oscilloscope. The temperature inside 
the furnace was measured with a Numatron.
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through two worms and two worm wheels, one to each screw.
The duplex hand wheel provides for adjustment of one 

screw relative to the other, a dial indicator shows the setting 
of the rolls. Vertical roll travel amounts to ,41mm per hand 
wheel revolution, and maximum roll opening in normal conditions 
is 61.9mm. Rolls are driven through a heavy duty universal 
joint designed to transmit the heavy torque loads at the re
quired misalignment caused by roll separation. The rolling 
rate was measured to be .608 revolution per second, and are 
provided with cartridge type electric roll heaters with 
powerstat controls.

The load cells are connected to a universal transducer 
indicator Model 8100 made by BLH electronics, Inc. which 
is essentially a solid state digital voltmeter designed for 
use with up to eight 35 0 ohm or four 120 ohm full bridge 
transducers. The Model 8100 can be calibrated to any full 
scale reading from .75 mv/v to 5.0 mv/v. It is calibrated 
with a precision calibrator Model 625 made by BLH Electronics, 
Inc. The output of the transducer was connected to a Tektronix 
Oscilloscope Model 5103N (see Figure 6) that provided a rapid 
recording of the load-time data originated from the load 
cells. This oscilloscope has a storage device that keeps the 
trace on the screen for as long as is needed. The furnace
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Vertical Scale: 44,4 80 Newton/cm
Horizontal Scale: «1 sec/cm *
Square Divisions on Screen: 1 cm x 1 cm

Figure 6. View of the oscilloscope used for measuring the 
output of the load cells. Note the trace on the screen.
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used for heating and plate specimens to the prescribed rolling 
temperature was a multiple unit electric furnace Model 64 by 
Electric- Heating Apparatus Company with a safe working temper
ature of 17 50°F. The furnace temperature was controlled with 
a Honeywell Temperature Controller that provided a continuous 
temperature control to + 5°k over the range of temperature 
used in these experiments.

Preliminary experiments were run to determine the rate 
at which the plate specimens came to temperature in the fur
nace and cooled in air. It was determined using a thermo
couple placed in a hole drilled to mid-thickness that the 
heating time to reach. 7 83°k was 2100 sec. In the rolling 
experiments, each specimen was preheated for a time of greater 
than 3600 sec to insure a uniform temperature commensurate 
with the furnace temperature throughout the specimen. It 
was also determined the surface cooling in air was less than 
7°k in 5 sec while the center cooled less than 2°k in 5 sec. 
All rolling experiments required less than 4 sec from the time 
the specimens were removed from furnace until they exited 
from the roll.

(b) Experimental Parameters for Rolling. As mentioned 
earlier, two plate thicknesses were utilized, 25.4 mm and
50.8 mm. A variety of temperatures and reductions were also
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used. The rolling temperatures (neglecting variations in 
temperature from the furnace to the roll which were less 
than 7°k in all cases), were 783°k , 663°k , 603°k , 548°k , 
493°k , and 4 53°k which covered a range of .5Tm to ,87Tm with 
preheating at approximately 644°k for at least 1 hour. The 
reduction obtained in rolling the various specimens were 
approximately 5%, 10%, 15% and 20% (see Figure 7). The 
rolling conditions used allowed the validity of the rolling 
load equations to be tested over a wide variety of rolling 
conditions.

2. Tensile Testing. Tensile testing was accomplished 
using a 9100 kg Instron Machine suitably equipped with a high 
temperature furnace, as shown in Figure 8. Load-time measure
ments were made on the strip chart that comes as an integral 
part of the Instron. Appropriate adjustments of the full 
scale load and chart speed allowed accurate measurement of the 
peak flow stresses, even at the most rapid strain-rates. The
crosshead speeds available on -this Instron ranged from

-4 -18.5 x 10 mm/s to 8.5 x 10 mm/s. The effective gage
length was determined to be 15.2 mm by measuring the initial 
cross-sectional area Ao, and the cross-sectional area A after 
an axial extension of AL. Using the constant volume condition 
and assuming uniform deformation it is easily shown that the
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Figure 7. Samples after rolling 5, 10, 15, 207. respectively. 
Original thickness was 50.8 mm.
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Figure 8. Front view of the tensile equipment used in 

the experiments.
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the effective gage length Lo is given by

AL
Lo = Ao

A f
■1

(25)

The effective gage length was calculated to be 15.2 mm which 
is approximately 2 0% longer than the uniform gauge section 
of the as-machined specimens.

The true strain-rate at the peak flow stress was cal
culated by dividing the cross-head velocity by the true gage 
length at the peak flow stress, usually about 16.5 mm. The
observed range of strain-rates was calculated to be 5.12 x

-4 -110 /s to 5.12 x 10 /s, or a variation of three orders of
- 3magnitude. Intermediate strain-rates used were 2.56 x 10 /s,

2.56 x 10~2/s, 5.12 x 10~2/s, 1.28 x 10_1/s and 2.56 x 10“1/s. 
The high, temperature environment was provided by a Marshall 
tube furnace #1144 with a Marshall controller #4044, which 
controlled the temperature to + 5°k . Each specimen was at 
the test temperature for 2700 sec prior to being tested to 
allow it to come uniformly to the furnace temperature. The 
temperatures at which tensile tests were run were 7 83°k , 663°k , 
603°k , 548°k / 453°k . This covers a range of .5Tm - .8Tm.

The 6061 plate used in this investigation was received 
in the T6 condition, i.e. aged to peak hardness. If this
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material were used directly in the rolling and tensile test 
experiments described previously, then the precipitation 
hardened structure would be unstable and will not remain 
constant at the various test temperatures. It was therefore 
necessary to insure that all of the samples had essentially 
the same structure, and that it was stable during the testing. 
Prior to testing all tensile and rolling samples were annealed 
to essentially the overaged condition producing large stable 
precipitates. Even though the same heat treatments were 
not used on all the samples, similarity of structures was 
verified with hardness tests. The heat treatments utilized 
in this investigation are summarized in Table II.

It should be pointed out that prior to instigating a 
program of careful structural control (i.e. heat treatment 
for tensile sample) a large amount of data was obtained on 
the first batch of rolling samples. It was therefore necessary 
to evaluate carefully the effects on the results of this on 
the differences between rolling samples with Rf = 55 and tensile 
samples with Rf = 15. To do this a second batch of plate 
C8 samples) was heat treated with the same conditions as 
used for the tensile samples. The results on required roll 
forces for these samples (as shown in Table IV on the 
following chapter) indicates that the differences in hardness 
between the two batches of rolling samples, does not affect
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Table II.
Summary of heat treatment for all samples.

Heat Treatment

108g0 sec @ 78° , cool to 
573 for 3600 sec, furnace 
cool to room temperature.
3600 sec @ 640° (i.e. pre
heating treatment prior to 
rolling)
10800 sec @ 783° , cool to 
573° for 3600 sec, furnace 
cool to room temperature

As received plate None

Sample Type 

Tensile Samples

Rolling Samples
- first batch -

Rolling Samples
- second batch -

Hardness 

Rf = 15 

Rf = 55

Rf = 15

RB = 61
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significantly the results for flow stress calculations, and 
thus it is fair to compare the tensile samples and rolled 
plate, even though the hardnesses are' slightly different.

D. Method of Analysis
Both the tensile data and rolling data obtained in 

this experiment were analyzed using computer techniques.
The results of these calculations are presented in the 
following chapter.

The Orowan-Sims expressions were evaluated using 
computer integration techniques in which the area under the 
arc of contact curve, as defined by the deformation term in 
equations (11) and (12) was divided into a series of tra- 
dezuids and sumed. This area is denoted by the flow stress 
equation (26). A computer print out of the program used is 
found in Appendix B.

From the above analysis the apparent flow stresses are 
given by:

Fs(X (Orowan-Sims) = 2 — — ——  (26)

where: Fs = force per unit width
R = Roll radius
A = Area under the arc of contact curve
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To evaluate the Orowan-Pascoe approach, a simpler solution, 
as expressed by equation (16), is analyzed and the flow stress 
is given by:

a (Pascoe-Orowan) = 2 — ~ „2l + L2 (27)
2hi

where L = arc of contact
hi = final thickness of the plate.

As the strain-rates used in rolling and the strain-rates 
used in tensile testing were not identical it was necessary 
to extrapolate the tensile data to obtain corresponding flow 
stresses at the strain rates used for rolling. This was done 
using linear regression analysis. A sample calculation 
showing the procedure used is given in Appendix A along with 
all of the raw tensile data.
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IV. EXPERIMENTAL RESULTS AND DISCUSSION

The rolling results will be presented in terms of measured 
rolling loads for a variety of rolling conditions. The 
measured rolling loads have been used to back calculate 
apparent flow stresses using the Orowan-Pascoe and Orowan- 
Sims equations. These results are then compared to the 
flow stresses actually determined from the tensile test 
data. Good agreement implies that the relationship of 
Orowan-Sims and Orowan-Pascoe are good approximate solutions 
to Orowan's Equation C9) for force equilibrium in hot 
rolling.

The rolling data was analyzed as stated previously and 
the results are presented in Table III along with the speci
fications of the rolling conditions (reduction ratio, temper
ature, strain-rate, delta* and contact angle). Back calcu
lations of the apparent flow stress using both Orowan-Pascoe 
and Orowan-Sims equations are tabulated in Table IV along 
with the extrapolated values of the flow stresses obtained 
from the tensile tests.

*Delta is a parameter used to define deformation zone geometry 
in forming operation and is calculated as the height of the 
deformation zone divided by the width; it's significance in 
rolling is the measure of the uniformity of the deformation, 
values of delta less than one indicates uniform deformation 
throughout the thickness. For values of delta bigger than 
one, the larger the number, the less uniform is the deformation.
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Table III
Summary of data obtained during rolling experiments along with 
rolling conditions.

Rolling Reduction Temperature Strain-Rate Delta Angle of 
Loads Ratio ° K -1 Contact

(Newtons) (M/M)   ec   (Radians)
124500a 0.07 453 2.08 1.62 0.11
195700a 0.12 453 2.67 1.20 0.14
271300a 0.16 453 3.13 0.98 0.17
355800a 0.22 453 3.50 0.83 0.19
111200c 0.07 453 2.18 1.59 0.11
284700c 0.19 453 3.44 0.90 0.19
106700a 0.07 493 2.11 1.61 0.11
164500a 0.11 493 2.68 1.21 0.14
235700a 0.17 493 3.15 0.98 0.17
298000a 0.21 493 3.51 0.84 0.19
84500a 0.07 548 2.09 1.64 0.11

128900a 0.11 548 2.65 1.24 0.14
186800a 0.16 548 3.17 0.98 0.17
244600a 0.21 548 3.52 0.85 0.19
66700a 0.06 603 2.08 1.66 0.11

111200a 0.11 603 2.73 1.21 0.14
155600a 0.16 603 3.20 0.98 0.17
204600a 0. 22 603 3.59 0.83 0.20
124500b 0.07 663 1.54 2.24 0.16
209000b 0.12 663 1.99 1.63 0.21
293500b 0.17 663 2.30 1.36 0.25
391400b 0.22 663 2.57 1.16 0.28
53300a 0.07 663 2.34 1.48 0.11
84500a 0.11 663 2.73 1.22 0.14

124500a 0.16 663 3.20 0.99 0.17
160100a 0.21 663 3.58 0.85 0.19
84500b 0.08 783 1.62 2.14 0.17

137900b 0.13 783 2.03 1.63 0.21
195700b 0.18 783 2.36 1.33 0.25
262400b 0.23 783 2.60 1.15 0.29
40000c 0.07 783 2.28 1.55 0.12
62300c 0.11 783 2.73 1.25 0.14

a - batch 1*, 25.4mm x 68.6mm x 127mm
b - batch ].*, 50.8mm x 104.1mm x 101.6mm
c - batch 2*, 25.4mm x 63.5mm x 127mm
*for heat treatment refer to Table II
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Table IV.
Comparison of the flow stress and their ratio obtained by 
different methods

Temperature /O \
Strain-
Rate

Sec”

Flow Stress 
Back Calcu
lated from

Flow-Stress 
Back Calcu
lated from

Flow Stress 
Extra

polated from
Ratio

Orowan-
Sims

Rolling Rolling Annealed to
Using Orowan Using Orowan- Samples Tens
Sims (MPA) Pascoe (MPA) (MPA) Str

453 2.08 120.5 101.3 123.4 .98
453 2.67 133.9 117.5 124.1 1.08
453 3.13 143.0 132.1 124.5 1.15
453 3.50 150.6 147.4 124.8 1.21

*453 2.17 115.5 97.2 123.2 .93
*453 3.44 143.8 136.9 123.5 1.16
493 2.11 102.9 86.6 123.2 .84
493 2.68 113.9 99.9 123.5 .92
493 3.15 124.3 114.9 123.7 1.00
493 3.51 129.9 126.3 123.8 1.05
548 2.09 84.1 70.6 110.3 .76
548 2.73 93.4 81.5 111.7 .84
548 3.70 99.8 92.2 112.4 .89
548 3.59 107.0 104.0 113.0 .95
603 2.08 68.0 57.0 80.6 .84
603 2.73 77.5 68.0 82.0 .95
603 3.20 83.4 77.0 82.7 1.01
603 3.59 87.4 85.7 82.7 1.06
663 1.54 57.9 48.9 57.9 1.00
663 1.99 67.2 60.4 58.6 1.15
663 2.30 73.1 70.3 59.3 1.23
663 2.57 77.0 80.4 60.0 1.28
663 2.34 53.4 45.1 59.3 .90
663 2.73 60.2 52.7 60.0 1.00
663 3.20 68.1 62.7 60.7 1.12
663 3.58 70.9 68.9 61.3 1.16
783 1.62 37.4 31.8 36.5 1.02
783 2.03 43.5 39.4 37.2 1.17
783 2.36 47.1 45.9 37.2 1.27
783 2.60 51.0 53.6 37.9 1.34

*783 2.27 40.9 34.5 37.5 1.09
*783 2.72 49.1 42.8 37.9 1.29

*Batch 2 (for heat treatment refer to Table II)
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In Table IV, the ratio of the apparent flow stress as 
obtained from the Orowan-Sims analysis to that obtained from 
tensile data Is shown for each temperature. An analysis of 
these ratios shows a normal distribution with a maximum of 
1.34 and a minimum of 0.76 with an average of 1.05 and a 
standard deviation of 0.15. These ratios are to be compared 
to a value of 1, which would correspond to a direct correlation 
between the rolling and tensile data. Also shown in Table IV 
are the data for the different rolling sample heat treatment 
batches. It is clear from these data that the differences in 
hardness of the different batches did not affect the results 
of the rolled samples.

A closer study of the ratios shows that they vary with 
deformation and do not vary significantly with temperature.
For reductions of approximately 5% the average value of the 
ratio is 0.93 +0.10, for 10% the average Is 1.02 +0.12, for 
15% the average is 1.10 + 0.14 and for 20% the average is
1.15 + 0.13. The possible reason for this variation is based 
on the shape of stress-strain curves. For small reductions 
(5%), the trend indicates that the apparent flow stress cal
culated from rolling is lower than the value extrapolated from 
tensile data, the most probable explanation for this behavior 
is that at low reductions the strain may not be large enough 
for steady state to occur so that deformation did not reach
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the peak value of the stress. For values of ratio larger than 
one, which always happened at bigger reductions, the probable 
explanation is that the stress-strain curve obtained during 
the tensile experiments, did not show a real flat portion 
(i.e.da/de = 0) during the deformation.

This is shown in Figure (9) in which a direct tracing 
of actual tensile data is shown for two strain-rates. At the 
low strain rate a smooth-flat stress-strain curve is observed. 
However, at the high strain-rates, the response time of the 
recording system was such that it was possible that the pen did 
not actually record the peak flow stress. Thus the reported 
tensile flow stresses at the high strain-rates may be less than 
the actual value and thus the ratio shown In Table IV would 
be too high.

Also, the values of delta and of the angle of contact (^e) 
are proportional to the reduction ratio. These values will 
essentially affect the deformation term given by equations 
C1U and C12) and thus Cdue to the form of the analysis) this 
will be reflected as variations of flow stresses. Because 
the analysis was performed assuming uniform deformatiorv for thi 
assumption to be completely valid the value of delta should be 
less than one. Also the larger the angle of contact the 
assumptions of sin <p= and cos 0= 1 , as assumed in the analysis 
is less reliable.
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t ime

Scale: ^ Load:
'■* Load:

100 lbs/in, time 10 in/min;„p 
strain rate 2.61 .x LOT 2 sec 
100 lbs/in, time 50 in/min;  ̂
strain rate 2.34 x 10 sec

Figure 9. Direct tracing of actual tensile data show for 
two strain rates at 663° . Note that for higher strain rates 
the response may not be enough to report the peak value.
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Other factors which affect the observed results are ex
perimental reproducibility of measurements and sensitivity 
of read-out device.

For both the rolling loads and tensile flow stresses 
the reported values reflect an average of two tests which were 
run for each condition. The analysis on the reproducibility 
of rolling tests shows that the' biggest variation was found to 
be 6.67% C133400N to 142300N) for 10% reduction at 783° k .
Since the value of the measured load is directly proportional 
to the calculated apparent flow stress, part of the variation 
reported is due to the ability of the machine to reproduce 
the data. The second experimental value of importance is 
the temperature. Analysis of these variables, using the 
computer procedure outline in Appendix A-l, shows that a 
variation of 10° makes differences of 2% on the reported 
values of the flow stress. The maximum variation of temper
ature was + 7° k. However, this is expected to be compensated 
during the analysis since in both rolling and tensile ex
periments the fluctuation of temperature was roughly the 
same, + 5°k for all temperatures. The last variable of 
importance during the experiments is the strain rates measure
ments. During the rolling experiments the reported values 
of strain-rates are accurate to + 1% because 4 significant 
figures could be reported. During the tensile testing, since
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direct measurements of strain were not possible, the strain-rates 
are not too accurate, although it's impossible to measure 
the degree of departure from the real values. However, in no 
case is it believed to be greater than 10%.

As shown previously the flow stress values extrapolated 
with the Orowan-Sims analysis were within 30% of measured 
tensile values. Considering the reproducibility of the measure
ments, in conjunction with an understanding of the assumptions 
employed in the original analysis by Orowan-Sims, leads one to 
conclude that the comparisons made in this thesis are quite 
good and thus the Orowan-Sims approach can be used to approxi
mate roll force calculations.

However, the simpler solution proposed by Orowan-Pascoe 
was found to predict flow stresses which were within 40% 
of measured values. Thus the simplicity in analysis afforded 
by this approach gives a good approximation of required roll 
forces when high accuracy is not required.
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V. CONCLUSIONS

From the literature survey and results of the experi
mental work, the following conclusions can be drawn:
1) The method for estimating hot rolling load, if the value 

of the flow stress is known at the rolling condition, 
proposed by Orowan-Sims provided approximations that 
are good up to 30% of predicted values.

2) The method proposed by Orowan-Pascoe is even less precise 
and results are good only to 40% of predicted values.

3} Analysis of the equation proposed by Sellars and Tegart
did not hold for all values of temperature because of 
the variation of structure with temperature, the differences 
in shape of the stress-strain curves through all experi
ments and the dependency of the activation energy with 
temperature.

4) Structure analysis is necessary in order to make any kind
of analysis because differences in metallurgical structures 
will lead to erroneous predictions.
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APPENDIX A

The mathematical analysis for the extrapolation of 
tensile data into rolling conditions was performed in the 
following manner.
1} The raw data obtained from tensile testing was processed 

to obtain values of flow stress, strain-rate, and ab
solute temperature. These data are shown in Table A-l.

2) These values were analyzed by linear regression for
each individual temperature in the form Ln (e) = A + B 
crl̂  (note this is similar to a plot Ln (e) vs cr|T

3} When test temperatures for rolling and tensile testing 
were the same, direct extrapolations to rolling strain- 
rates were made to calculate the flow stress.

Example: For 603°
A = -16.13
B = 1.44 x 10

Example: For 603°
At: s = 2.08 sec

e — 3.54 sec ^

—1e = 2.73 sec
£ = 3.20 sec

= 11700 Cpsi) 
* 11900 Cpsi) 
= 12000 Cpsi) 
= 12000 (psi)
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4) For rolling temperatures which were different from the tensile
test temperatures, the following procedure was used:
a) For all tensile temperatures, the Ln£ vs a|T data was 

extrapolated to two fixed values of stress.
Example: for T = 603°

at: cj = 15000 psi; Ln(£) = 5.52
o - 0 psi; Ln(e) = -16.13

b) For each value of stress a linear regression analysis 
was performed in the form Ln (e) = A + B 1/T jQ (similar 
to plot Ln(e) is 1/T | a ) and the value of the rolling 
temperature is interpolated or extrapolated.

Example: for 4 93°
At: cr = 0; interpolated Ln(e) = -96.25

cr = 15000 psi; interpolated Ln(e) = -14.84
c) Assuming straight lines, the values of the rolling con

ditions where interpolated or extrapolated using the 
two intersections to define the line.

A = -96.25
B = 5.42 x 10”3
For: i = 2.11 sec 1 = 17872 (psi)

e = 2.68 sec”1 = 17916 (psi)
£ = 3.15 sec”1 = 17945 (psi)
£ = 3.51 sec"1 = 17965 (psi)
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Table A-l
Data from tensile test use in extrapolation to rolling
conditions 

Temp erature (°k ) Strain-Rate(sec Flow-Stress (ps
453 5.29 X

1of—1 17112
453 2.64 X 10~3 17316
453 2.61 X io"2 17519
453 1.24 X lo"1 17519
453 2.34 X io"1 17621
453 4.24 X io"1 17927
548 5.29 X 10“4 9371
548 2.64 X 10“3 11000
548 2.61 X IO"2 13139
548 1.24 X lO”1 13852
548 2.34 X io"1 14362
548 4.24 X io"1 14260
603 5.29 X io”4 5805
603 2.64 X io"3 7130
603 2.61 X io"2 8963
603 1.24 X io”1 9880
603 2.34 X io”1 9982
603 4.24 X io”1 10389
663 5.29 X io“4 3921
663 2.64 X io“3 4736
663 2.61 X io-2 6111



T-1878

Table A-l - Continued

nperature
(°k )

Strain,Rate 
(sec )

Flow-Stress
(psi)

663 1.24 X io”1 7028
663 2.34 X 10"1 7232
663 4.24 X k T 1 7741
783 5.29 X io“4 2444
783 2.64 X io“3 2953
783 2.61 X io“2 3768
783 1.24 X io-1 4481
783 '2.34 X io"1 4481
783 5.29 X io-1 4889
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1 1 00

APPENDIX B
Computer program used to evaluate the prediction of Orowan- 
Sims, Orowan-Pascoe Methods

ME AL L GAO ( 5 0 ) , E 1 (5u) .>E2(50)
D I MEN 5 I ON M 0 ( 5 0 ) , M 1 (50) , .v X D T M ( 5 0 ) ,M T EM P (5 0) , 11(50)^0(50)
D I M E N S I O N  A ( 5 0 ) , F G M 2 ( 5 0 ) , 3a E a M2 ( 5 0 ) ,FLJ*2C5G)
D I MEN 5 I ON F 0 23(5 0), 3M E a 23 ( 50 ) , F a 0.J3 (50) , ENT ( 50 )
D1 M E N 3 I ON T X ME ( 5 0 ) , ST Mn I a ( 5 0 ) , 5T 2 MmT (50), a:2 TE MP  (50)
MEAD (5,10) .2*0 I:J 3 , E , / , MPM
DO 5 0 0 0 1=1,35
MEi-iD (5,2 J )LG*X) C I ) ,M0 ( I ) , Ml ( 1 ) , OIDT.K I ) , MT£MP( I )
Ml ( X ) = (a O (X )- M l (I ) ) /MG ( I )
D (X )=(M u ( X )/(4 * .liDI 'J3 1 ( i ) ) ) * * • 5 * ( 2 - : 11 ( I ) )
M ( X ) = ( M 0 ( X ) + M 1  (I) )/2 
C = ( 3 . 1 4 1 5 0 * E ) / ( 3 * ( 1-7* * 2 ))
L2( I ) = ( ( 2*rtADI'JS*L0AD ( I ) / C) + M a DXU5*M1 ( I ) *M0 ( I ) ) * * • 5 
F GM2 ( I ) = 2 *L2 ( I )+(-2( I )**2/ (2*MU( I ) ) )
S M E A M 2 ( I ) = L 0 A J ( I )/ ? GM2( I ) /NX D T M (1)
FLO'l 2i I ) = SMEAM2( i ) *2 
N = 5 0 
Z = 0 
Z 1 = 0 
F 2 = 0 
0=0
M3 = M A D I ‘J3* ( 1 + ( 2 *^GAD( I ) /( C*M1 ( I ) *M0 ( I ) ) ) )
0 0 = ( M l (I )* M 0 ( X )/ M 3 )**.5 
A N T ( I ) — 0 0 
X = 3 Q M T ( M 3 / M 1 ( I ))
XI = ((3.1415 9 * ( A L 0 3 ( M G (X )/Ml (X ) ) ) / X ) +(A T A a ( X * N O ) ) ) /2 
0 1 = ( T a N (?\ 1 ) ) /X 
D1 = Q1 / (IJ - 1 )
DO 1100 0 = 1 , J
M5=M1 ( X ) + 2 *M3 * ( 1 — C03C 0) )
*■* 1 — 3 • 1 4 1 o 9 * ( ( 0  0 ( M 5 / a 1( X))+1) ) / 2 + ( 2 * X * ( AT hN ( X* Q ) ) )
IF (0 . E O .1 ) 3 0 TO 1000
Z 1 = (F 2 +F 1 ) *D 1/2
Z = Z+Z 1
F2=F 1
0 = Q + D 1
C O N T I N ’JE
D 2 = ( 0 0 - 0 1 ) / ( w - l )
DO 12 00 J=l,;j
H5 = H 1 ( I )+2*M3*( 1 - COS ( 0 ) )
Fl=3.1<ll5>*((ALu3(;i5AI0<I)) + l > >/2*< 2«X* < C ATA.MC X* JO) ) - < a T.uJ ( a *^ , j ) )
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1 2 0 0

3000

1 3 0 0

Z 1= (F2+F1)*02/2 
Z = Z + Z, 1 
F 2 = F 1
J = J + D 2 
CONT I NOE 
F 0 2 3  ( I ) = A 3 * E
5 REAR3 ( 1 ) =LOAD C i ) /  C F 0-13 ( 1 ) * W 1 OTA ( I ) )
r^0*' 3  ( I ) =5AEAA3 C i ) *2
\/EL = APN + XADIG^>*2*3 • 14 1 o W / o  0
T ii lEC I ) = L 2 (  I ) / 7 E L
3 T A A I N ( I ) = ALO 3(  1 + A 1 ( I ) )
3TAAAT( I ) = 3 T A ^ i N ( I ) / T I X E ( I )
AATEAAC I )=RTENP C I ) +27 3 
C GfvT I NUE
*’AITE ( A j 1 0 0 )
A1 A IT E ( 4 , 1 G 1 )
WAITE ( 4 , 1 0  2 )
WAITE ( 4 , 1 0 3 )
WAITE ( 4  ,  1 u 4 )
DO 1 3 0 0  1 = 1 , 3 6
WRITE ( 4 , 1 1 0 )  L0AD(  I ) ,  A 1 ( 1 )  , AAT2MP(  I ) * 5TAAAT ( I ) , D( I ) ,  £.WT( I ) 
COAT INJE 
WAITE ( 4 , 1 1 1 )
WAITE ( 4 , 1 2 0 )
WAITE (4,121)
WAITE ( 4 , 1 2 2 )
DO 14 0 0 1 = 1 , 3 6
WRITE ( 4 , 1 3 0 )  ART EAP( I ) , OTAAa T( I ) , FDOW3 ( 1 ) , FLOW2 ( 1 )

1 4 0 0 0  Qivi i I i-J J ZD
1 0 r 0-  i i l a  i ( I X , 4 ( F I  5
2 0 f o a ;; a t ( I X , F 1 5 * 6
1 0 0 F QA A h T ( 1 X I , 1 X ,  ’
1 0  1 F O A A A T ( I X , ' E X P E
1 0 2 F  CAMAT ( 1 X ,  ' AO L L

c • 3  T A A I A - R A T E ’ , 2 X
1 0 3 F OAXAT ( I X , *  L O A D
1 0 4 F CAMAT ( I X , ’ NEWT

1 1 0 F O A A A T ( 1 X ,  r 7 • 0  ,
1 1 1 F O A A A T ( 1 X , // ;
1 2 0 F O  LA A T ( 1 X 1 , 1 X ,  ’

1 2 1 F G R E A T ( I X , '  T E X P :
r*Lr * OROWAN - P A J C O E ' )

1 2 2 F GAAri T ( 6 - v,  ' ’ ,
I 30 F O  ’ Ma T ( I X , F I  1 .0

3  T O P
E ND

12
OF DAT  a. O O T A I A E D  DIJ AX 10 '.3 A 0  i_. i  i W A 
A L u x J  V I T A  A O L L I n O  C O A D I T I O A O ' / )  

,  ’ AED 'JC T  I OA • ,  2 A ,  ' T E N  P E  AATO'AE ’ ,  2 A ,  
, -A *, Or )

AAT I 0  • , 4  1 A , ' C ON T.i C T ' )

.3 ~ o ,oa, I ',13 A , ’P 3 I ’/)
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Where:
Radius = roll radius 
E = Young's modulus of the rolls 
V = Poisson's ratio
RPM = Angular velocity of the rolls 
Load = Measure experimental load
HO = Initial thickness
HI = Final thickness
Width = Width of plates 
R Temp = Rolling temperature (°C)
H = Average thickness in roll throat
C = A parameter used for calculation of roll distortion 

and arc of contact in the presence of roll distortion 
L2 = Arc of contact
For2 = Value of the deformation parameter on Orowan-Pascoe 

- Shear 2 = Apparent shear strength using Orowan-Pascoe 
Flow 2 - Apparent flow strength using Orowan-Pascoe 
Q = Angle at point of contact 
Qo = Entrance angle of contact 
R3 = Distorted radius
Q1 = Angle of the neutral

= Increment of the angle of contact
F^ = Evalutlon of one point in the curve of the Orowan-

Sim Equations
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Z1 = Area of the trapezoid element 
Z = Sum of the areas
D 2 = Increment of the angle of contact toward the entry 
For 3 = Value of the deformation parameter on Orowan- 

Sims
Shear 3 = Apparent shear strength using Orowan-Sims 
Flow 3 = Apparent flow strength using Orowan-Sims 
VEL = Tengential velocity of the rolls 
Strrat = Strain-rate in rolling 
Artemp = Rolling temperature C°k )
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