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ABSTRACT

The transfer of surface finish from roll to strip in the ctemper
rolling of steel was examined from an experimental and theoretical point
of view. The transfer process was modeled as an indentation process in
which the roughness peaks of the roll are pressed into the strip surface.
It was argued that complete roll-strip surface matching can occur only if
the surface of the strip flows plastically and molds itself around the
roughness peaks of the rolls, and that this strip surface deformation is
most easily accomplished in shear, since, due to material constraint
considerations like those encountered in the analysis of hardness indenta-
tions, the surface asperities of the strip can transmit surprisingly large
normal stresses without deforming markedly.

These arguments indicated that transfer efficiency (the degree of
roll-strip surface matching) should increase with increasing maximum roll-
bite shear stress, and, therefore, with plastic arc length and the slope
of the roll-bite pressure distribution. Theoretical considerations thus
predicted on increase in transfer efficiency with increasing extension,
roll diameter, and strip yield stress and decreasing average tension and
strip thickness under otherwise constant conditions. Theoretical argu-
ments additionally indicated that transfer efficiency should increase with
increasing mill speed and remain constant with typical variations in roll
roughness in dry-temper rolling, and that transfer efficiency should
decrease with increasing mill speed and lubricant viscosity in wet-temper
rolling. Extensive data supporting all of these predictions was obtained
on two laboratory mills. Mechanical and surface transfer data from a
production mill was also obtained, and is tabulated in an appendix.

A method of calculating the ratio of final strip to roll roughness
from rolling conditions was developed from an analysis of the mechanics of
the temper rolling process and tested against a limited amount of data.
Measured and calculated transfer values agreed rather well in this compar-
ison; however, extensive material testing is presently required to use
this method, and further development is required before it can be applied
to practical situations.

Thesis superviscr: Dr. Ernest Rabinowice

Title: Professor of Mechanical Engineering
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I INTRODUCTION

I.1 Motivation

No solid surface is infinitely smooth; on a micro-
scopic scale, all consist of a series of asperities and
depressions superimposed on the macroscopic contours of the
substrate. The distribution of these irregularities, both
spacially and in size and shape, constitutes the finish of
the surface in question. Surface finish is important from an
engineering point of view because it affects the visual
appearance of an object, and because it can influence machin-
ing tolerances and lubrication and friction in forming opera-
tions. For these reasons, surface textures have been studied
widely since the advent of modern machine tools for the mass
production of interchangeable parts, and quantitative mea-
sures of surface finish have been developed to allow de-
signers and manufacturers to specify desired surface proper-
ties for both finished products and incoming raw materials.

This thesis explores the mechanics of producing
steel sheet with surface properties suitable for exposed,
painted applications. Large amounts of such sheet are used
in the automotive and appliance industries for the manufac-
ture of items such as (for example) car hoods and refriger-
ator doors; its surface texture must, therefore, be adequate
for both painting and press-forming. The surface properties
required for these operations, though not entirely mutually
exclusive, are different enough for compromise to be neces-

sary.l)* For painting, a smooth, uniform, and a kneaded or

¥*See References.
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porous surface is required for an acceptable final appear-
ance; for press-forming, on the other hand, a rougher surface
is necessary to insure proper lubrication and, thus, preven-

2,3,4) The

tion of buckling, breakage, and die galling.
roughness asperities must consequently have a high density
per unit surface area and an average height within specified
upper and lower bounds. One large automaker, for example,
currently requires an average roughness height between 20 and
50 microinches, and a minimum 50-microinch peak count (a
measure of peak density) of 5.3 times the roughness height
minus 104, for Class I autobody sheet. These standards are
changed periodically, and are generally growing more strin-
gent with the increasing use of thinner, water-base paint
systems, which require a lower average roughness height for
acceptable appearance than traditional hydrocarbon-base
paints.S)

The general trend toward more restrictive sheet-
surface requirements has been accompanied by increasing com-
Plexity in the methods employed to produce these surfaces.
Surface finish is imparted to steel sheet by temper rolling,
a processing step in which annealed stock is given a light
rolling reduction using specially textured work rolls.
Temper mills have traditionally been operated without rolling
lubricants; the high friction produced by dry contact simpli-
fies the control of the reduction given (e.g., reduction
increases comparatively slow with increasing roll force), and

with no lubricant to be removed, the temper-rolled product

can be shipped to the customer without an additional cleaning
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step.6) "Dry'" temper mills, however, tend to generate metal-

lic dust by abrasion of the work rolls and strip; over a
period of time, this dust can build up in the mill and
eventually fall between the rolls and strip, causing a
decrease in both roll 1life and product quality. For this
reason, there has been an increasing trend toward commercial
"wet'" temper rolling in recent years. The rolling solutions
used in wet-temper mills are generally poor from thé stand-
point of lubrication; they consist basically of dilute
aqueous solutions of detergents and are intended, primarily,
to keep the mill relatively free of dust without leaving a
substantial residual film on the finished sheet.6) Nonethe-~
less, they do have a noticealbe effect on the mechanics of

7)

the process and particularly on the relation between the
‘roll texture used and final strip texture produced.s’a) This
can present the wet-temper mill operator, whose understanding
of this relation is derived largely from experience in dry-
temper rolling, with serious problems in producing sheet of
acceptable surface quality.

In view of the increasing importance of consis-
tently controlling the surface texture of cold-rolled steel
- sheet, an increased understanding of the mechanisms involved
in transferring surface finish from work roll to strip in
wet- and dry-temper rolling would be of some interest. This
document examines these mechanisms from a theoretical and

experimental point of view.

11.2 Measurement of Surface Finish

Surface finish was discussed in very subjective
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terms in Section I.l1, and, in fact, some of the properties
which it influences and for which it is studied (such as
visual or as-painted appearance) are themselves rather sub-
jective and aesthetic. A meaningful, scientific investiga-
tion of the subject, however, requires well-defined, reason-
ably objective, and (preferably) quantitative measures of
surface texture. In this section, the measures currently
accepted by wvirtually all sheet producers, consumers, and
researchers are defined and briefly discussed.

A variety of methods exist for the evaluation of
surface topography and quality; these include taper section-

9) As a

ing, adsorption, and numerous optical techniques.
class, however, these methods are time consuming and pains-
taking. In situations in which a large number of surfaces
must be measured and compared routinely, surface finish is
virtually always evaluated by profilometry. This method
employs a device called a profile meter, which consists of a
very hard, blunt stylus (quite similar to a phonograph
needle), a motor to draw the stylus across the surface, and
electronic circuity to record the stylus' motions during its
traverse. The profile meter produces an amplified cross
section of a surface from which parameters indicative of
surface character can be deduced, or (more commonly) automati-
cally calculated values of these parameters alone.

The parameters most commonly used to characterize
surface topography are best defined with reference to a

typical surface profile, as, for example, that shown in

Figure 1.1. The most common (and perhaps most natural and
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. 10003’11:_

Fig. 1.1 Typical surface profile from a profile meter
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obvious) parameter extracted from a surface profile is the
arithmetic average roughness peak height, or (more compactly)
the average roughness. This is the deviation in height from
an electronically determined centerline of equally spaced

points on a surface:

'H=

average roughness = Iy,

1
n

=

The notation for arithmetic-average roughness is Ra’ usually
given in millimeters or microinches. For example, an arith-
metic average roughness of 11 microinches 1is written 11

uin.Ra. A second parameter frequently inferred from surface
profiles is the peak count. This is a measure of peak
density, defined as the number of peaks encountered by the
stylus per unit length of its traverse. The value of this
parameter, of course, depends on what is regarded as a peak.

Two definitions are now in common use. One (used in
Surfaccount units and simiiar instruments) defines a peak as
two changes in elevation of opposite sign of magnitude
greater than some minimum cutoff; in the second (used in
Profilometer-type devices), a peak is defined as two devia-
tions larger than a preéet minimum value above and below an
electronically determined centerline. These two definiticns
are illustrated, and shown to not always give equivalent
results for the same surface, in Figure 1.2, adapted £from
Reference 4. Peak count is wusually reported in peaks per
inch,; abbreviated ppi; a subscript is often added to indicate
what minimum peak height was used.in counting. For example,
a peak count of 150 peaks per inch based on a 50 microinch

minimum height is written 150 ppisoa
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ONE COUNT IS REOISTERED AT EVERY ARROWHEAD

4”.:- PROFILE

(a)

COUNTER ADJUSTED POR 1.8 MICROINCNES

MEAR LINR PLACED 8Y PROFILOMETEN
r ONE COUNT (8 REGISTERED AT EVERY ARROWNEAD

/ | “""'_"-"Z 19.7 weRomenEs

. aums COUNT CYCLE
80 NICROINCHES @ ngeey

(v)

Fig. 1.2 Peak definitions in current use
(a) Surfacount-type instruments
(b) Profilometerstype instruments

(adapted from reference &)
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A number of other parameters are occasionally com-
puted from surface profiles; Average roughness and peak
count, however, are the only parameters for which required
ranges are routinely specified by sheet consumers. Profi-
lometry, it should be emphasized, has a number of short-
comings. A very minute frection uf the surface is directly
sampled during a stylus trace, which can lead to very misre-
presentative characteristics being ascribed to a surface,
particularly if (as is frequently the case on the shop floor)
only one trace is taken. There is, in fact, some question as
to whether a two-dimensional, random array of roughness peaks
can ever be adequately characterized by a finite set of
numbers. Considerable dissatisfaction exists with current

methods of surface characterization,2’5)

and there 1s every
reason to expect that new methods and new parameters will be
proposed and accepted in the future to either replace or
supplement current techniques. At present, however, average
roughness and peak count seem to give a reasonable indication
of how a surface will perform in press-working and in the
paint shop; and, since they are both easily and quickly
measured (with, it might be added, equipment already widely
manufactured and in use), they are likely to be with us for
some time. In this document, therefore, thece parameters
will be taken as adequate measures of surface quality for
purposes of comparison between two or more surfaces. Because
of the minimum peak height used in its definition, however,
peak count is a difficult quantity to work with mathemat-

ically; consequently, all quantitative expressions developed




~14~

will involve only the average roughness.

I.3 Rolling Terminology and Nomenclature

From the point of view of tonnage of material
annually produced, rolling is predominant by far among all
manufacturing processes. This tremendous economic importance
has long made it the subject of extensive research, which has
spawned a very large literature. As a natural byproduct of
these activities, a very specialized and, to nonspecialists,
very confusing rolling terminology has developed. In this
section, those portions of rolling terminology that will be
extensively used in this document are defined, and, addition-
ally, the corresponding symbols and nomenclature used sub-
sequently in quantitative expressions are listed.

Much of rolling terminology relates to rolling
mills themselves, which are generally classed according to
the size and arrangement of the rolls they employ. The most
common type of roll arrangement for cold rolling is the four
high; the overall layout of a typical four-high, single-stand
mill is shown in Figure 1.3. In this arrangement, the
incoming strip is uncoiled and threaded through an entry
bridle and between two work rolls, where deformation occurs;
once processed, the strip is threaded through an exit bridle
and recoiled. The entry and exit bridles are used primarily
to apply tensions to the strip on each side of the mill,
which may differ greatly from desired coiling and uncoiling

tensions. The work rolls are supported by two larger backup




Fige. 1.3 General layout of a single-stand, four-=high rolling
m1l. Arrows indicate direction of strip travel.

(adapted from reference 10)




-16-

rolls which add rigidity and give rise to the term ''four-
high." In most cold mills (though not wusually in sheet-
temper mills) more than one set of work and backup rolls, or
stands, are included between the entry and exit bridle; such
tandem mills, in fact, often consist of five or six stands,
each contributing to the cummulative deformation imparted to
the strip. Sheet-rolling mills are generally referred to Dby
the face width (or axial length) of the work rolls employed,
since this determines the maximum width of the sheet they can
produce. For example, an 84-inch sheet-temper mill can
process sheet up to about 80 inches wide.

The actual zone of deformation between the work
rolls is too small to be seen in Figurel.3; a distorted but
informative view is given in Figure 1.4. This zone, referred
to as the roll bite, is bourded by the entry and exit planes,
where deformation begins and ends, and by the arcs of contact
between the rolls and stiip surfaces. Due to 1its
continuously changing thickness, the surface speed of the
strip in the roll bite is continuously changing (ignoring,
for now, che possibility of sticking £friction); near the
entry plane, it is less than the peripherai speed of the
rolls, while near tne exit plane it is greater than this
speed. In principle, the strip surface speed should thus be
equal Lo the peripheral roll speed at sume position in the
roll bite; tiuis position is designated the neutral point or
plane, and serves to divide the roil bite into c¢wo parts, the
entrty and exit regions. As will be seen, the criction force

should be acting in opposite directions in these regions, a
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work roll
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Fig. 1.4 Simplified view of roll bite
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fact which greatly complicates the examination of stresses
along the arc of contact. In temper rolling, the plastic
strain imparted to the strip in the roll bite is often
referred to as extension rather than reduction, since in the
case of small strains it is easier to measure changes in
length (over a large gage length) than changes in thickness.
These terms will be used interchangably in this thesis. Not
shown in Figure 1.4 are zones of elastic contact between the
roll and strip located at the beginning and end of the roll
bite.

Several schools of rolling nomenclature have devel-
oped as numerous mathematical models of the process have been
proposed and refined. The nomenclature used in this thesis
is based primarily on that favored by Roberts in his book,
"Cold Rolling of Steel." Some of this nomenclature is given

in Figure 1.4; a more complete list is given in Table I.l.
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Table I.1l
Namenclature
Symbol Units Description
Ar,Aa Inchz Real and app;xl'int areas of oontact
a None Constant, = —;tP-
a None Constant between 1 and 2
D Inches Work-roll diameter
€ 1/seconds Average strain rate
E psi Elastic modulus of rolls
f lbs/inch Specific rolling force; force per
inch strip width
fp, fe lbs/inch Plastic and elastic components of f
H Kg/mnz Penetration hardness
h(x) Inches Thickness of strip in roll bite
K None Factor in arc length equation
L Inches length of the arc of contact
L' Inches Length of sticking zone
I'e'I'p Inches Elastic and plastic portions of L
In Kg Normal load
u None Effective coefficient of sliding
friction
n None Constant > 1
Pi(x). po(x) psi Normal pressure in entry and exit

portions of roll bite
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Table I.1 (continued)

Percent or
decimal fraction

uin.Ra
uin.Ra

psi

psi

Reduction or extension

Work-roll roughness
Initial and final strip roughness

Effective average compressive yield
strength of strip

Average normal pressure in roll bite

Interfacial shear stress
Yield stress in uniaxial compression

Measured and corrected specific total
spindle torque

Yield stress in shear

Torque or bearing loss

Entry and exit strip tensions
Initial strip thickness
Roughness transfer ratio = -'!-

(]

r
Distance from exit plant (inside roll
bite)

Boundaries of stickinc zone
Position of neutral plane
Elastic roll deformation at point X
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II THEORY

II.1 Nature of the Problem

To the author's knowledge, the mechanisms involved
in transferring surface finish from roll to strip in temper
rolling have never been the primary subject of formal study,
despite their economic importance. Peripheral references to
these mechanisms in papers on roll preparation and strip
quality indicate that they are apparently quite complex, and
seem to depend on roll-bite friction and lubricity, roll and
strip roughnesses, strip tensions, strip grade, reduction,

11,12) Since this 1list

mill speed, and rolling force.
includes, directly or indirectly, virtually every process
variable in temper rolling, we must corcur that, at first
glance, the mechanisms of surface transfer are, indeed,
extremely complex.

If, however, we reflect on what is actually being
accomplished by these mechanisms, we find that this is rather
straightforward. Mill experience has shown that, although
the surface properties of a sheet temper rolled under given
conditions cannot, a priori, be predicted with any great cer-
tainty, it can be said that these properties will depend
directly on the texture of the work rolls used; with other
conditions held constant, rougher rolls will invariably pro-
duce a rougher sheet. This indicates that, not surprisingly,
temper rolling involves the pressing or coining of the roll

surface into the étrip. The degree of coining achieved may

~ depend. on rolli_ng,.conditions in a complicated manner; the
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overall process of transferring surface texture can, nonethe-
less, be viewed as a process of achieving conformity
between two surfaces under a given type and geometry of
loading. Such problems of surface conformity are encountered
in many engineering situations (as, for example, in solid-
phase welding and in the calculation of electrical and
thermal contact resistances), and extensive experiments have
been carried out to determine the degree of conformity
achieved as a function of loading for certain simple geome-
tries. The results of these experiments are of little direct
value in indicating how specific variables should influence
the transfer process in temper rolling, but do give some very
clear insights into the nature of the interactions of sur-
faces under high contact pressures. These insights will be
examined in the next section as a preliminary to analyses

more specific to temper rolling.

I1.2 Conformity of Surfaces Under High Contact Pressures

Figure 2.1 shows a rather familiar microscopic view
of two surfaces in contact under a moderate normal load LN'
Note that, because of the finite roughnesses of the surfaces,
contact is not continuous across the interface, but is con-
fined to isolated sites. The net area of these sites, the
real area of contact A, can be estimated by the equationla)

B

where H is the penetration hardness of the softer surface and

~a 1is a cdnstant:traditionally taken as unityla) but possi-

14)  A quantity of interest in the present
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Fig. 2.1 Microscopic view of surfaces in contact under a
moderate normal load Ly, Shaded regions sre
the projected real ares of contact.
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context 1is the normal load required for a real area of
contact equal to the appar:nt area of contact, e.g., for

complete surface mating. Denoting this load L and the

NC
apparent area Aa’ Equation 2.1 gives

Lyc _H (2.2)

Ay a

It is well known that, for most pure metals and alloys (and a
large class of nonmetals), hardness is equal to roughly three

times the yield stress in uniaxial tension or compression,
15)

(o

y
LNC/Aa as the contact pressure @, we find that the pressure

Substituting H = 3oy into Equation 2.2, and denoting

which must be applied to achieve complete conformity falls in
the range

1.50y <o i3°y (2.3)

In the absence of large hydrostatic pressures, the softer
body will not support such pressures. We therefore conclude
that the two surfaces can never be made to conform completely
under most conditions.

The above, well-known analysis is hardly exact, but
illustrates a striking property of the surface layers of
solids: their ability to transmit surprisingly high normal
stresses without deforming markedly. This property was first

16) who cut a series of fine

noted experimentally by Moore,
grooves in an annealed copper surface and then deformed the
specimen with a hard cylindrical indenter. He found that ,
although he could induce considerable deformation in the bulk
of thé spgcimen, he was unable to make the grooves disappear

_‘uﬁQer;pufelenotmgl loading, no matter how highly he loaded
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the indenter. Similar experiments were later conducted by

Williamsonl7)

using an aluminum cylinder embedded in a steel
jacket and axially pressed against a hardened steel cylinder.
Under these constraints, Williamson found that he could
eventually obliterate the roughness peaks of the aluminum
surface, but only if extremely high pressures were applied.

Figure 2.2, adapted from Williamson's paper, jllustrates this
point rather graphically. A third set of early experiments

18) In

in this area were conducted by Greenwood and Rowe.
these tests, aluminum cylinders of varying height-to-diameter
ratios with roughened ends were compressed axially against a
hard steel cylinder. ~ Relatively tall cylinders, it was
found, tended to '"barrel" during deformation, producing a
dead zone of undeformed material near the surface; in these
cases the surface asperities were little changed by the bulk
deformation. For shorter, penny-like specimens, however, no
barrelling or dead zone developed; plastic deformation
extended to the tool-workpiece interface, and the roughness
asperities were readily flattened.

Two key concepts are evident from these experi-
ments. The first is that complete conformity (e.g., mating
or matching) of two surfaces requires the plastic flow of one
surface at the interface. Referring again to Figure 2.1, we
can easily see why this is the case. The surfaces pictured
will obviously match completely only if the softer one flows
plastically into the existing-vbids and molds itself arcund
the roughness peaks of the harder one. The second concept

evident from these experiments is that it is difficult to
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b)

c)

d)

°)
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-

Fiovsz 3 5 —Profiles showing progressive deformation of

nzp-.-rltle- in high pressure experiment. (a) Virgin sur-
face. ¢b) Bead-blasted to 200x in. CLA. (c) After load-
ing to 300 1d (1800 pal). (d) After loading to 1000 1b
(9000 pel). (e) After loading to 8800 Ib (84 200 psi).
(£) After loading to 8000 1b (72000 psi). The pressures
stated are the apparent pressures; the real pressure oo
the contact spots is much greater.

( adapted from paper by Williamson, ref. 17. The yield

strength of the surface in uniaxiagl compression is

approximately 9000 psi)
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induce the surface deformation necessary for complete con-
formity through purely normal loading, because roughness
asperities are capable of transmitting stresses easily suffi-
cient to initiate yield in subsurface regions without deform-

ing themselves. The reasons why this 1is true are much less

clear. They appear, however, to be related to interactions

between adjacent asperities. It has been shown, by simple

theoretical argumentslg) and by experiments and slip line
20)

solutions, that an array of asperities acting together can
support a much greater load than the same number of isolated
asperities acting independently. The compression of one
asperity, loosely speaking, seems to impose a hydrostatic
pressure on its neighbors, increasing their effective yield
strengths much in the way that constraint from neighboring
material apparently triples the yield stress of a surface

during a hardness test indentationZI)

(cf. p. 14). Referring
once again to Figure 2.1, we see that at very light loads the
actual contact sites may be very isolated and act indepen-
dently, but that at high contact pressures, when Ar/Aa is,
say, one-half, adjacent sites are almost certain to influ-
ence each other.

The <conditions prevailing 1in the experiments
described above differed from temper-rolling conditions in
two important ways. First, these experiments were generally
conducted using a hard, flat indenter in contact with a
rough, soft workpiece. In sheet-temper rolling, the harder

surface (the roll) is usually roughened, while the workpiece

(strip), although never pegfectly smooth, generally has a
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lower roughness. Experiments analogous to those described
above, however, have been carried out using a roughened tool
and a smooth workpiece with virtually identical

results;22’23)

it seems likely, therefore, that the qualita-
tive properties of surface interactions deduced from these
tests are largely independent of tool and workpiece rough-
nesses. A more critical difference arises from the loading
geometry used in the experiments. For the most part, the
results discussed above were obtained under purely normal
loading. In temper rolling, however, the strip surface is
'subjected to significant shear stresses arising form relative
slip between the roll and strip. The mechanisms cited to
explain the resistance of surface asperities to purely normal
deformation, which involve an increase in an asperity's effec-
tive yield strength due to hydrostatic pressures exerted by
its neighbors, should not be effective for cases in which
appreciable shear stresses act on the asperities; hydrostatic
pressure increases a material's resistance to deformation in
uniaxial compression, but has a negligible effect on its

24) We would, therefore, not

yield strength in pure shear.
expect surface asperities to resist deformation in shear to
the surprising extent that they resist normal deformation.

Moore, in fact, found that he could easily flatten the
otherwise persistent grooves on his test specimens by intro-
ducing relative sliding (e.g., shear stress) between the
specimen and indenter.16) Similar results have been obtained
in other indentation tests, and in experiments in cold pres-

25,26,27)  ppio

sure welding. point, although generally
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ignored in most papers on the subject, is of great importance
when applying indentation test results to practical situa-
tions in which significant interfacial sliding occurs.

Although it is mentioned apparently only in passing in this
discussion, it will serve as one of the more important
qualitative considerations motivating further analysis, as

will be seen starting with the next section.

I1.3 Importance of Reduction in Surface Transfer

The experimental results reviewed in the previous
section indicate that the transfer of sucrface finish in tem-
per rolling is governed by the stresses and corresponding
deformation arising at the roll-strip interface. Complete
transfer, or complete matching between the roll and strip
surfaces, can occur only if the surface layer of the strip
flows plastically and molds itself around the roughness peaks
of the rolls. The transfer level achieved under given roll-
ing conditions thus depends on both the deformation imparted
to the strip and the distribution of this deformation within
the strip under these conditions. Because the surface asper-
ities of the strip can transmit surprisingly large normal
stresses without significantly deforming themselves, the
strip surface deformation necessary for roll-strip surface
matching is probably most easily produced by shear stresses
(rather than normal stresses) at the roll-strip interface.

These considerations indicate that surface transfer
in temper rolling should depend more strongly on reduction

than on any other process variable. In the first place,
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reduction is a direct measure of the deformation imparted to
the strip; an increase in overall strip deformation should
increase strip surface deformation, and thus roll-strip sur-
face matching. Moreover, it will be shown (in the next
section) that an increase in reduction increases the maximum
shear stress occuring at the roll- strip interface; when this
stress reaches the yield stress of the strip material in
shear, the entire strip surface will flow plastically 1in
shear, leading to complete roll-strip surface matching.

Summarizing, the degree to which the final strip and roll
surface match should increase gradually with increasing reduc-
tion until some critical reduction (which varies with rolling
conditions) is reached, above which plastic flow invariably
occurs at the strip surface and matching is uniformly com-
plete. For roughness transfer, this qualitative statement
can be expressed quantitatively by designating the ratio of
final strip to roll roughness t_ and assuming that t_ varies
linearly with r up until a cricital reduction R (depending on
the rolling conditions) is reached, after which t_ remains

constant and equal to unity;

P p . _ P
t"‘g"‘j‘-*i’;—i'ﬁ"‘“ (2.4)
°r Pr r '
t =1 r >R
r -—

At this point, this equation may appear to have
been pulled out of thin air, and, although the overall qualita-
tive behavior of transfer with varying reduction expressed by

Equgttdn 2.4 can be readily explained, no theoretical reason
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has in fact yet been given to expect a linear relationship
between t_ and r. This equation,however, seemed to fit early
experimental data rather well (when a suitable vaue of R was
used); it was moreover later noticed that some factors which
seem to be linearly related to surface conformity on the
basis of data from indentation tests, such as average (calcu-
lated) roll-bite pressure, increase linearly with reduction
in many rolling situations. Equation 2.4 may thus be
regarded as an empirical relation that is qualitatively con-
sistent with theoretical reasoning.

At this point, Equation 2.4 is of relatively lim-
ited value. It illustrates the two most obvious qualitative
trends discussed thusfar—namely that a rougher roll will
invariably produce a rougher strip, and that the degree to
which roll and strip surfaces match increases with increasing
reduction——but is of otherwise dubious utility without an
expression for the critical. reduction R. This parameter
represents the smallest reduction at which, under the given
rolling conditions, the maximum shear stress at the roll-
strip interface equals or exceeds the yield strength of the
strip in shear. A priori, it is not clear how various rolling
variables affect this stress, and thus exactly how R varies
with rolling conditions. The stresses at the roll-strip
interface, however, can be calculated with reasonable effort,
provided a number of simplifying assumptions ae made in the
analysis. While the expression for R obtained through such
an exercise will of course be only as accurate as the assump-

tions made, it seems reasonable to expect that a relatively
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tractable analysis will yield an expression which reflects,
at least, the qualitative influences of the various roll-
ing variables on R, and thus on transfer. The next section
will therefore be devoted to an analysis of the mechanics of
the temper-rolling process. Even with a number of simpli-
fying assumptions, this analysis will be fairly long and
complicated, and will apparently take us rather far from the
subject of this thesis. It should be borme in mind, however,
that the understanding of the interfacial stresses and defor-
mations developed in the course of this digression will be of
great value in later considering the effects of various
rolling variables on transfer, and, as will be seen in Part
III, will lead to quantitative expressions for roughness

transfer that agree quite well with experimental data.

11.4 ﬁMechanics of Temper Rolling
I1.4.1 Basic Assumptions
Rolling theory is a large subject, and many mathe-
matical models of the rolling process have been published in

28)

the last sixty years. Surprisingly, only three (to the

author's knowledge) have dealt at any length with the special-

29,30’31’32’33); the small

ized process of temper rolling
reductions taken and usual lack of applied lubricants make
temper rolling mathematically the simplest, although economi-
cally not the most important, type of rolling from the point
of view of modeling. Existing theories, both of temper
rolling and cold rolling in general, have in any event

gstabiiShed the validity of a number of frequently made sim-

f 7Plify1“3 assumptions. The present analysis will differ from
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previous treatments primarily in the frictional assumptions

made (of subsection II.4.2). The assumptions made regarding

other aspects of the process, which for the most part are in

line with most modern treatments of the problem, are listed

below.

1)

2)

It is assumed that the strip constitutes a contin-
uous medium undergoing homogeneous deformation in
compression. It is further assumed that the strip
possesses an average effective compressive yield
strength, 0o that is constant across the roll bite.
These assumptions are probably the most questionable
made in the entire analysis; temper-rolled sheets

34,35) and the

are known to yield inhomogeneously,
yield stress of the strip probably varies somewhat
across the roll bite, due to variations in strain
rate and (possibly) slight work hardening. For cold
rolling, however, Bland and Ford have shown that the
error arising from an assumption of homogeneous
deformation is probably smaller than that associated
with specifying the material properties of the
strip.36) Due to the small reductions and compara-

tively small pressures involved, moreover, any varia-

tion in yield stress across the roll bite is likely

to be gradual, so that the assumed average yield

stress will probably be fairly close to the actual
yield stress at most points along the arc of contact.
The lateral spread of the strip in roll bite is

assumed' negligible, so that the process can be
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modeled as a plane-strain compression problem. This
is probably an excellent approximation, provided the
ratio of strip thickness to width is small.

3) The angle of contact between roll and strip is
assumed to be small. For the small reductions
typical of temepr rolling, this 1is clearly a valid
assumption.

4) The arc of contact between the rolls and strip is
assumed to be planar in shape. While this is prob-
ably not actually the case, such an assumption
greatly simplifies the mathematics of the -analysis.
Moreover, it has been shown by Keller that, for a
fixed arc length, the assumed shape of the arc of
contact has little effect on the calculated rolling

force.37)

In Subsection 1I1.4.3, pressure distribu-
tion equations will be derived for both planar and
nonplanar arc shapes and compared to demonstrate
this point for the case of temper rolling.

5) Thermal effects are assumed negligible, as are

inertial effects arising from the acceleration of

the strip in the roll bite.

11.4.2 Frictional Assumptions

Rolling theorists have generally (but not always)
assumed that Amonton's law of friction is valid along the arc
of contact in rolling, and that the frictional stress og at
any point aldng the roll-strip interface is given by the
‘product of the normal pressure, P, at that point and some

effégtiVe cOeffiéigﬂt of friction, w. While this is not a
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particularly bad assumption for rolling situations in which
lubrication is good and the reduction is small, for the case
of dry-temper rolling, which requires a fairly large coeffi-
cinet of friction, this assumption frequently yields fric-
tional stresses significantly larger than the yield stress
ofthe strip in shear, i.e., much larger than can actually
occur. Since this analysis is concerned primarily with
accurately estimating the stresses (particularly the shear
stress) acting at the roll-strip interface, the assumption of
a constant friction coefficient will not be made.

A limited amount of theoretical and experimental
work has been carried out to determine the relationship
between normal pressure and friction stress at contact pres-
sures up to those encountered in metalworking
processes.27’38’39’40) Figure 2.3, taken from Reference 38,
shows the pressure-friction relation usually obtained for dry
sliding. As can be seen, the nature of this relation changes
as normal pressure is increased. At low pressures, Amonton's
law holds, and the ratio of friction stress developed to
normal pressure applied is constant. As pressure is in-
creased, however, this ratio begins to decrease. When a
large enough pressure is applied, the friction stress reaches
the yield stress of the softer material in shear; since this
is the largest shear stress that can exist at the interface,
the friction stress remains constant at this value as pres-
sure is further increased. Since this condition is accom-

,"panied by plastic ‘flow of the softer surface in shear, an

f.:‘expression for the critical reduction R in Equation 2.4 can
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probably be obtained if the criteria for its occurrence in
temper rolling can be determined.

From Figure 2.3 and the accompanying experimental
data given by Shaw et a1.38) (uhich 1s consistent with the

data of Wanheim et al.27’39’AO)),

the most appropriate quanti-
tative frictional stress-pressure relation would be one in

which the frictional stress o approaches the yield stress in
shear Ty asymptotically with increasing pressure p; although

these investigators do not postulate an expression, their

data seems to fit an equation of the form

og = T, (1 - e ;1;-) (2.5)
As can be seen, this relation reduces to Amonton's law for
small p and gives an asymtotic value of Ty for o, as p be-
comes infinite. However, such an asympototic friction model
does not give a sharp division between regions of elastic and
plastic surface stress; i.e., it does not predict the point
at which plastic flow in shear will ensue in the softer
surface. For this reason, a more approximate friction model,

41) will be used in this analysis.

first proposed by Orowan,
Figure 2.4, adapted from Reference 40, illustrates the differ-
ences between this model and that described above. Quantita-
tively, Orowan shows that the yield stress in shear is equal
to half the compressive yield stress:

Ty = %2 (2.6)
using this relation, he proposed a friction-pressure relation
which assumes Amonton ("slipping') friction until o reaches

1&, and "sticking" (i.e., constant shear) friction thereafter:
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b e

oe

1. Orowan’s [riction model.

F-X

2. Shaw’s friction model.

Fig. 2.4 Comparison of Shaw and Orowan friction models,

horizontal axes: normal pressure

vertical axes: friction stress

K 4s the yleld stress of the softer material

in shear,

(Adapted from paper by Wanheim, Bay, and Peterson, reference 40)
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8 2 (2.7)
o o
s 2 ' WP 2

This relation gives a sharp division between regions of elas-
tic and plastic surface stress, which is necessary in the
present analysis to obtain an expression for R in Equation
2.4. The available experimental data indicates that such a
sharp division probably does not occur in nature; the tran-
sition to plastic surface flow 1is probably a gradual onme.
However, if an appropriate value of u 1is chosen (one corres-
ponding to region II, rather than region I, in Figure 2.3;

from the data of Dokos,42)

probably in the range of 0.2 to
0.25 for dry-temper rolling), this model shculd give reason-
able values both of the overal contribution of friction to
rolling force and of the pressure required to produce signi-
ficant plastic surface flow. In the next subsection, this
model will be used to calculate the stresses at the roll-
strip interface, the reduction required to initiate plastic

flow in the strip surface, and the plastic contribution to

rolling force in temper rolling.

11.4.3 Interfacial Stresses and Plastic Roll Force

Figure 2.5 shows the roll bite geometry and stress
state used in this analysis. Note that the coordinate X is
measured from the éxit plane, and that two stresses are
assumed to act at any point along the roll-strip interface, a
normal stress p(X) and a shear stress os(X). Since, from

Equation 2.7, a knowledge of p(X) is required to calculate
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Roll diameter = D

| entry 1\ | exit
plane neutral plane [ plane
w, '
! " )
. ¥
/1

N —a T~
74—

O
Fige 2.5 Roll bite geometry and nomenclature used in stress

analysis,
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0,(X), we will first consider the distribution of normal pres-
sure along the arc of contact.
A Dbalance of forces on a differential roll-bite

element yields a differential equation for the pressure dis-

tribution in terms of the compressive yield stress, Oa> the
thickness of the strip, h(X), and the shear stress:
h (X)
p(X) dh(x) - — _ )
2 ax  + US (X) 2 (g)({X) UC) (2.8)

The ambiguous sign of the shear stress term occurs because
the friction force acts in opposite directions in the entry
and exit zones; the minus sign applies to the entry pressure,
while the plus sign applies to the exit zone. This equation
is a form of Von Karman's equation, first derived by Von

Karman in 1925.43)

Its derivation is now classical; an argu-
ment leading to the form quoted above, based on a derivation
published by Rbberts44) but employing less restrictive assump-
tions, is given in Appendix I.

Substituting the assumed combined slipping-sticking
friction model, Equation 2.7, into Equation 2.8, gives four

differential equations applicable to the four types and/or

directions of roll-bite shear stress.

p(X) -dh—éxx—’- : 2p)= dth (X) %ﬁ’” = %ol (slipping friction)
(2.9)
p(X) ‘“‘g’ 30 = alh (x) (g,{x” = el (sticking friction)
if the arc of contact is assummed planar,
h(X) = ¢(1 - r + fi ) (2.10)

b
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these equations reduce to (with d
dx =0
dp (X) . 2u o rt
& thm p(X) = w (slipping friction)
(2.11)
dp _’c [tz i icti
ax - hx) [f; + 1] (sticking friction)
These are all first-order differential equations, and thus
45)

solvable (exactly for a planar arc) by standard methods.
For the case of slipping friction, the solution of Equation

2.11 yields the result

-
1
pi(x) =0, ; ( )(h(x) ] (entry region)
a (2.12)
= h (X) 1 it region)
PO(X) o (1+ )(t(l—r)) -3 (ex g
where a = 2uLP/(rt) and the boundary conditions pi““p)
pO(O) = 0c have been used. The derivation of Equation 2.12

is given in Appendix I. To check the validity of assumption
4 of subseccion 2.48.1, the derivation and solution of an
equation corresponding to Equation 2.9 for a nonplanar arc

shape of the form

X n
h(X) =t_[1- r+(f-) r (2.13)
P

where n is arbitrary (but greater than or equal to unity), is
also given in Appendix 1. The resulting solution is approxi-

mate and involves slowly convergent infinite series:

n
pi(X) =0, nr(l + r) [(11.(_) 81 (bX) - Sl (blta-o- eb ‘Lp =%
P (entry region)

(2.14)

L

bX x \"
p (X) = o e 1l +nr(l +1r) |5—]| S, (bX)| (exit region)
o c P 2
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2u(l + r)

where b = t
sl(bx) = kzo ET%%E%EET
S2(bx) = kzo E%%Eé§l;T
and, again, the boundary conditions Pi(Lp) = PO(O) = 0, have

been used. As asserted in subsection I1I.4.1, the influence of
the shape factor n on these expressions is negligible; 1if
the terms involving n are neglected, in fact, Equation 2.l4
reduces to Roberts' approximate temper-rolling pressure

29,30) Pressure distributions calculated from

distribution.
Equations 2.12 and 2.14 (for values of n of 1, to check the
accuracy of the approximations made, 1.5 and 2) are plotted
in Figure 2.6 for typical laboratory conditions (specimen 20
of Table III1.8, u = 0.24) to demonstrate that the assumed
shape of the arc of contact has little effect on the calcu-
lated pressure distribution for a fixed arc length.

Two points of interest are easily calculated from
Equation 2.12: the points in the entry and exit regions where
the interfacial shear stress (as calculated from Equation

2.7) reaches °c/2‘ Designating these points X, and X, respec-
o
tively, by definition pitxl) = Po(xz) = ¢/2 ,yhich yields

(2.15)
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Fig. 2.6 Comparison of pressure distributions calculated for
specimen 20 of Table 3.8 assuming planar and nonplanar

arc shapes,
o= Equation 2.12 (planar)
X Equation 2.14, n = 1 (planar)
O Equation 2.14, n=1.5 (planar-cylindrical)
& Equation 2.14, n = 2 (cylindrical)
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For light reductions, sticking friction may not occur; the
maximum shear stress in the roll bite may be less than 9,2,

in which case Equation 2.15 will yield X > X Equation

1
2.15 can thus be used to determine a condition for sticking
friction; the calculated length of the sticking zone, defined
as the difference between Xy and Xy, must be greater than or
equal to O for sticking friction to arise:

= - - 0
LS Xl Xz, Xl X2 >

L =0, X, -X, <0 (2.16)

)]

The occurrence of sticking friction in the roll bite 1is

-l (53

a
equivalent to the occurrence of plastic flow at the strip
surface; thus Equation 2.16 also gives the desired expression
for the critical reduction R in Equation 2.4. Specifically,
R is the smallest r satisfying Xy - Xy 2 0. An evaluation of
the influences of various rolling variables on Equation 2.16
is given in Section. 2.5.

If Equation 2.16 returns a Qalue of 0 for | the
pressure distribution in the roll bite is given completely by
Equation 2.12. If a nonzero Ls is returned, however, then
the pressure distribution for X, < X < X; must satisfy the
sticking friction version of Equation 2.11. Exact solutions

of these Equations are given in Appendix I. Using the
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boundary conditions p (X;) = p_(X,) /2 the pressure

Oc
distribution for the sticking region is given by

1 a h(X) 3

p;(X) =o¢ ——+(1-— 1n 1 1 11-*
i c | 2u 2u t[(l"l) 7 a) a
a :

(entry region)

_ (2.17)
a h (X) 7
Po(X) = o f o + |1+ 2u) In \e(@ - 1) 1 1,11
l1+1 2u a
a
(exit region)

(valid only for x2 < X < xl)

A plot of the pressure distribution for a typical case in
which calculated sticking friction occurs (Specimen 24 of
Table III.8, w = 0.24) is given in Figure 2.7.

Equations 2.12 and 2.17 can be integrated across
the arc of contact to give expressions for plastic rolling
force. Since these expressions will be useful in testing the
theoretical arguments of Section II.5 empirically, the
results of these integrations are quoted below. The integra-

tions themselves are, again, carried out in Appendix I.

(a - 1) 2

S (_1_-_%1[(1-;)"*1-1]+

(2.18)

1
(1 + :) rla a
fl N r)" TS [(1 - 5-) - (1 ~-r) ] : Ls =0
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3.04

2.8-

2.6

"sticking"

zone

slipping
gone

Fige 2.7 Pressure distribution calculated for specimen 24 of Tetle
3.8. According to Equation 2.15, sticking friction
occurs for x/lp between .35 and .62. Equations 2.12

and 2.17 were used to calculate p(x).



48~

o L
£ = _S (2 - r) (l_ -1l 4
P r a 2y -
1 [
1 a | =
5 ()" + {1 - r) 1 a_ 1 -2 ]
2 —1 " + (1 - 2u) ln 1 ; LS >
.a -—
(2u) L (2Ll)a -
As a byproduct of these integrations (i.e., in setting the

bounds on the integrals), expressions for Xn,_the position of
the neutral plane, are found in Appendix 1. Due to the
symetry between P; (X) and Po(X) for small reductions, X, is

.invariably approximately equal to LP/2 in temper rolling.

I1.4.4 Plastic Arc Length and Constrained Yield Stress

The expressions given in the previous subsection
for the pressure distribution along the arc of contact, the
plastic contribution to rolling force, and the reduction
required to initiate strip surface yield (Equations 2.12,
2.14, 2.16,'2.17, and 2.18) were all directly dependent on
the length of the arc of plastic contact, LP, and the effec-
tive compressive yield strength of the strip, .- These
expressions are thus of limited value without further expres-
sions relating Lp and 0. to input rolling variables. At the
present time, no such expressions have been developed. In
this subsection, the expected qualitative behavior of these
quantities with varying rolling conditions 1is examined, and
empirical methods for estimating Lp and O from torque and
tension measurements are described. These methods are

employed in Section III.11 to produce a limited amount of

0

CLed f
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empirical data to test the equations presented above.

Th¢ determination of the length of the arc of con-
tact is one of the more important, and difficulet, problems in
rolling theory. This length cannot be measured directly, at
least not without great difficulty and (consequently) uncer-
tainty (cf methods used and assumptions made by Siebel and

46) 47) 48)

Van Rooyen and Backofen, Kobasa and Schultz,

49)

Leug,
and Kannel and Dow, for example). Previous treatments
have, therefore, generally relied on theoretical or semiempir-
ical (i.e., determined by fitting data to a given roll-force
equation) arc length formulas. The author has used a number
of these methods with equaticn 2.18, including those of

Hitchcock,SO) 30,51) 52)

Roberts, and Jortner, and compared the
resulting caculated roll forces with empirical values. The
calculated roll force returned by Equation 2.18 is extremely
sensitive to arc length, however, and even the relatively
small differences between these calculated arc lengths and
those eventually inferred (cf. Figure 3.41) from torque data
produced large variations in calculated rolling force.

A number of expected qualitative trends in the be-
havior of the plastic arc length with varying rolling condi-
tions can be deduced froa the geometric constraints of the
roll bite. As shown in Figure 2.8, the vertical-roll deforma-
tion at the entry and exit planes (Z(0) and Z(LP), respec-

tively), roll curvature, Lpz, and half draft, tr/2, must

o

satisfy the relation

L 2

tr
-%- + Z(I,p) - Z(0) = -i— . (2.19)



- — . —— —

-50-

Roll diameter = D
N\ deformed roll surface

~ undeformed roll I
*S oo surface z(0)

I 3 K I
— 1 —-ui
' % €——t

g

ke

Fig. 2.8 Geometry of roll bite illustrating relationship
between roll curvature, I%/D. half draft, tr/2,

and entry and exit plane roll deformations,
z(Lp) and £(0)s
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The basic unknowns in Equation 2.19 are the roll deforma-
tions, Z(Lp) and 2(0). The author has calculated (via
microprocessor) the plastic contribution to these deforma-
tions, using the pressure distributions given in Subsection

52) for a

I1.4.3 and influence functions derived by Jortner,
number of rolling situations, and has found that, due to the
symetry of the pressure distributions given by Equations 2.12
and 2.17, this calculation invariably yields

Z2(0) = Z(Lp), (plastic contributions) (2.20)

giving the "rigid roll" arc length,

Lp & \’2§£ ( if Equation 2.20 holds) (2.21)

Such a calculation, however, ignores the contributions of the
elastic entry and exit zones to roll deformation. Figure 2.9
illustrates the expected nature of these contributions at two
reductions. As will be discussed in the next subsection, the
pressure distribution arising from purely elastic contact
between rolls and strip (i.e., a state in which rolls and
strip are in contact but reduction is zero) is likely to be
roughly elliptical and symetric. At extremely low reduc-
tions, this distribution is effectively split in half, with
the relatively short plastic pressure distribution interposed
between the two halves. Under these conditions, as shown (in
a distorted view) in Figure 2.9(a), symetry is maintained
between the elastic entry and exit zones, and Equations 2.20
and 2.21 hold for the elastic contributions to Z(0) and Z(Lp)
as well. As reduction is increased, however, the gap between

the entry and exit zones grows, and symetry is destroyed; as
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Fig, 2,9 Comparison of elastic entry and exit zone lengths,
a and b, at low and high reductions.
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shown in Figure 2.9(b), the elastic exit zone becomes larger
than the entry zone, and the plastic arc length grows in rela-
tion to the corresponding rigid roll estimate. At present,

this arc length appears to obey a relation of the form

Dtr
Lp = K ,'7;- (2.22)

where K is a factor (not a constant) which approaches unity
as r approaches 0. K increases with increasing reduction and
compressive yield stress, since these contribute (in the case
of r) to the separation (e.g., inbalance) between the entry
and exit zones, and (in the case of <JC) to the numerical
difference between Z(0) and Z(Lp) produced by a given degree
of imbalance. These qualitative trends are evident in the
limited amount of inferred arc length data given in Section

III1.11; it should be emphasized, however, that the above

discussion, and Equation 2.22, represent a very rudimentary

analysis of the problem, and that further work (e.g., an
analysis of stresses in the elastic =zone comparable to the
plastic zone analysis of Subsection I11.4.3) 1is mnecessary
before the influences of various rolling variables on plastic
arc length can be established with adequate confidence.

The effective compressive yield stress of the strip
is less subject to analysis than the plastic arc length,
since this stress 1is a material property which must be
measured under conditions near those of interest to be known
with any certainty. In the present analysis, the problem is
further complicated by the fact that the assumed constant

yield stress is not, strictly speaking, a physically real
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quantity; the actual yield stress of the strip probably
varies somewhat across the arc of contact. Nonetheless, the
assumption of a constant yield stress is commonly made in
rolling theory, and extensive previous research has estab-
lished the most important qualitative influences on this
parameter, The effective strip yield stress 1s directly
related to the tensile strength of the strip (as measured in
a low speed tensile test) and should additionally increase
with increasing strain rate,53) ¢, and decreasing average
tension, 3¢~ (T1 + T2). The average roll-bite strain rate can

be estimated by dividing the total strain, r, by the time

required to achieve this strain, L_/V:

;= &V i (2.23)
Lp

The effective strip yield stress most likely obeys a relation

of the form T2 + Tl

oc = 1.155 (tensile strength + £ [E]) - St

where f (&) is a slowly increasing function of & (for
example, some data indicates that f(¢) = a log[1000 & + 1] is
a reasonable choice). Qualitatively, the inferred yield
stress values reported in Section III.ll seem to increase
with reduction (which increases &) and. to vary somewhat with
the ratio D/t (for unclear reasons). Once again, it should
be emphasized that the above discussion represents a zeroeth-
order analysis, and that additional work and data are neces-
sary to develop a reasonably accurate method of calculating

o It should also be noted that a vast literature on this
subject exists, although most investigators have (understand-

ably) concerned themselves with strains much larger than
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those typical of temper rolling. A brief review of this

literature can be found in Reference 4, Sections 8-25 to 8-34.

Although neither g, or Lp can be calculated at this

point, both can be inferred from experimental data. o. can
be estimated directly from roller-die drawing tests; in this
process, the roll drive spindles of the mill are discon-
nected, and all deformation energy is supplied to the strip
through entry and exit tensioﬂs. The deformation energy per
unit volume of strip material is given in terms of o, by the

relationSA)

deformation energy _ 1
unit volume B ocln(l - r) (2.25)

Using this relation, as shown in Figure 2.10, an energy bal-

ance on the roller-die drawing process yields

. T2 - Tl(l -r) - Tq,

%  tw(l - 1) 1n( 1 ) (2.26)

l-1r
The average roll-bite pressure, ;c’ can be estimated from
measured spindle-torque data in rolling tests. As illus-
trated in Figure 2.11, a force balance and the definition of

torque give

21t
o 3—_c
c Dtr (2.27)
where
D
'l’c - ‘l'm - TL'.' W (Tz - Tl(l - r) (2,28)

using the further relation
- f
9% © rg (2.29)

the pihstic arc length can be estimated by matching the mea-

sured average roll-bite stress and rolling force with values
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Roll diameter = D
Strip width = v

direction of
strip travel

roll bite pressure, ?‘ '

Estimation of average

from corrected torque, 1; .

Fig. 2, 1
From force equilibrium

and the definition of torque

D
+ 3 {'1‘2 - '1‘1(1 - r)

and

r ﬂ _Jp——
© c  Dtr
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computed from Equations 2.29, 2.18, 2.31, and 2.33, using a
measured O+ These estimates are of limited accuracy at low
speeds and extremely low reductions, conditions for which it
is difficult to accurately accounc for bearing losses; how-
ever, as will be seen in Section III.ll, the stability of
these estimates improves substantially at higher reductions,
to the point that they can be employed to meaningfully

compare theoretical expressions with experimental data.

11.4.5 Elastic Contributions

The contributions of the elastic entry and exit
zones to the specific rolling force are ignored in most
theories of cold rolling. In the case of temper rolling,
however, the plastic strain imposed (reduction) is frequently
of magnitude comparable to elastic strains. It is therefore
likely that, for small temper-rolling reductions, a consider-
able portion of the rolling force arises from the elastic
compression of the strip, and that, consequently, the regions
of elastic contact between the rolls and strip cannot be
neglected in a mechanical analysis of temper rolling.

At this point, no detailed treatment of the stress
distribution in the elastic region has been carried out. The
elastic contributions to arc length and rolling force can be
estimated, however, by assuming that, as reduction approaches
zero, the roll-strip interface approximates a Hertzian con-
tact between a cylinder (of the same diameter as the roll)
and a semi-infinite plate. For such a contact, the well-

55,56)

known analysis of Hertz indicates that the pressure
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distribution between the cylinder and plate 1is elliptical,
with a maximum pressure (occurring at the center of the
contact) given by the equation (assuming both roll and plate
have equal elastic moduli E and poisson's ratios equal to

0.3)

f E

_ e
Pmax = 0,592 - (2.30)

where fe is the contact force. Assuming Pmax = 0, thus gives

an estimate of the elastic contribution to rolling force:

o 2D
c

E

fe = 2.86 (2.31)

under the same assumptions regarding elastic modulus and
poisson's ratio, the Herzian contact equations give a similar

expression for the elastic arc length:

feD
L = 2.16 <

(2.32)
3.65¢0 D
—_C

The total rolling force and arc length are obtained by super-

posing the elastic and plastic components:

f=f + ¢ (2.33)
p e

L=L + L (2.34)
p e

I1. 5 Effect of Specific Rolling Variables on Surface Transfer

The analysis presented in the previous two sections
resulted in quantitative expressions for roughness transfer,l

specifically Equations 2.4 and 2.16:
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surface parameter, it seems reasonable to expect that the
degree of matching between roll and strip surfaces will
increase as the final strip roughness approaches the roll
roughness, and thus that conditions which promote increased
roughness transfer will also lead to increased transfer of
other surface parameters (such as peak count). We are thus
now in a position to evaluate the expected influences of var-
ious rolling variables on transfer efficiency by examining
their effects on roughness transfer values calculated using
Equations 2.4 and 2.16.

Before considering the influence of any particular
variable on transfer, it is helpful to consider the imortance
of roll bite geometry to the interfacial stresses developed
along the arc of contact. As emphasized previously, complete
transfer should occur whern the pesk normal pressure at the
center of the roll bite reaches %c ° Referring to the
"friction hill" pressure distribution shown in Figure 2.6,
and to its mathematical description, Equation 2.12, it can

easily be seen that, on a very basic level, two factors

determine the magnitude of this peak central stress: the
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slope of the pressure distribution, and the distance over
which the pressure is able to build up. As a basic rule of
thumb, therefore, we would expect any variation in rolling
conditions that increases plastic arc length or the rate at
which normal pressure increases with distance in the roll
bite to increase roll-strip surface matching as well.
Differentiation of the simplest slipping-zone pres-
sure distribution, po(X) in Equation 2.12, gives the slope of
the presure distribution across the entire roll bite (due to
symetry between the exit and entry pressure functions):

o =g r + 2y 1+ Xr
ax c Lp(l -r) t(l1 - r) Lp(1 - r) (2.35)

Although the influence of L_ on the number returned by this

a X
po( ) seems to increase with

equation is not obvious,
plastic arc length for most situations; using data consistent

with that presented in Table III.8, for example (t = 0.0185

inches, v = 0.24, r = 0.03 X = 0.4) gives values odeOon of
] = . b - . ’ Lp = . g T
46.500 /inch for Lp = 0.051 inches and 45.50c/1nch for Lp =

0.049 inches. Changes in rolling conditions which lead to
increased plastic arc length should, therefore, concurrently
lead to a more rapid buildup of pressure in the roll bite,
and thus by the rule of thumb stated above should lead to a
definite increase in transfer effficiency. Referring to
Subsection II.4.4, therefore, the degree of roll-strip sur-
face matching achieved under otherwise constant conditions

should increase with increasing reduction, roll diameter, and
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strip yield strength, and additionally with decreasing aver-
age tension, since this leads to an increase in strip yield
stress. At first glance, it might also seem that increasing
strip thickness, which increases arc length as well, should
also increase transfer efficiency. Examination of Equation
2.35, however, indicates that the slope of the pressure
distribution in the arc of contact decreases sharply with
increasing strip thickness; this is reflected in the behavior
of the critical reduction with increasing gage (cf. Table
II1.6). Although the theoretical reasoning presented thusfar
predicts clearly the effects of variations of roll diameter,
reduction, strip yield strength, and average tension on the
transfer process, it is somewhat ambiguous concerning the
influence of strip gage. Quantitatively, it predicts a
decrease in transfer levels with increasing gage, although
qualitatively we would expect an increase. The effect of
strip gage on transfer will be considered more fully in
sections III.9 and IV.1.

Equation 2.35 also indicates that the slope of the
roll-bite pressure function, and thus transfer efficiency,
should increase sharply with increasing friction coefficient;
this is hardly surprising, in view of the emphasis placed on
interfacial shear stress in the foregoing analyses. (It
should also be noted that the friction coefficient probably
influences plastic arc length as well.) While the coeffi-
cient of friction is not itself subject to simple and precise
control in temper rolling, this observation is useful in

predicting the influences of rolling variables which alter
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roll-bite frictional conditions on transfer efficiency. Fore-
most among these is lubrication. 1In the foregoing treatment
of the mechanics of the process, no distinction was drawn
between wet- and dry-temper rolling, and it is doubtful that
the relatively watery rolling soultions employed in wet-
temper rolling significantly alter the nature of the roll
bite as compared to unlubricated conditions. However, it 1is
highly probable that even these relatively inviscid lubri-
cants are entrapped to some degree between the roll and strip
during deformation, particularly at production mill speeds.
While it is unlikely that the degree of this entrapment would
ever be such that a state of hydrodynamic lubrication is
approached and metal-to-metal contact is interrupted at the
center of the roll bite, inhibiting strip surface shear
deformation and drastically altering transfer efficiency, any
degree of entrapment is likely to reduce the effective fric-
tion coefficient in the roll bite, and thus the maximum shear
stress achieved at the roll-strip interface. Since, as
mentioned above, some lubricant entrapment is almost certain
to occur under commercial wet-temper rolling conditions,
transfer efficiency in wet-temper rolling should be less than
that observed under corresponding unlubricated conditions
(although this effect may be difficult to duplicate under low
speed, laboratory conditions). Since the degree of entrap-
ment occurring under given conditions should increase with
increasing lubricant viscosity, we would also expect transfer
efficiency to decrease with increasing lubricant viscosity in

wet-temper rolling tests.
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Roll-bite friction may also be influenced by work
roll (and initial strip) roughness and mill speed. The
nature of the influences of these variables on friction and
transfer, however, differs for lubricated and unlubricated
conditions. Increasing roll roughness is generally thought
to increase the friction coefficient in dry rolling; however,
dry-sliding tests performed under light loads have shown that
roughness has very little effect on friction, if extremely

57)  while

rough or atomically smooth surfaces are excluded.
it should be borne in mind that extrapolating this result to
systems sliding under loads characteristic of temper rolling
is somewhat risky, it seems likely that no significant differ-
ence in roll-bite friction arises in using a 40 microinch
rather than 60 microinch roughness roll (although a signifi-
cant difference may arise in going from a 3 to 60 microinch
roll). The transfer process in dry-temper rolling is there-
fore probably independent of roll roughness in the range of
roughnesses commonly encountered. In wet-~temper rolling,
however, roll roughness is likely to influence lubricant
entrapment and thus transfer efficiency. A priori, however,
the nature and significance of this influence is difficult to
decipher. (At this point, it should be mentioned that
changes in initial strip roughness probably effect the trans-
fer process by influencing interfacial friction, if at all.

The influence of initial strip roughness on transfer effi-
ciency is thus probably the same as that of roll roughness).

Mill speed also affects surface transfer in wet- and dry-

temper rolling differently. In dry-temper rolling, an
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increase in mill speed increases the average roll-bite strain
rate, increasing the effective strip yield strength and
plastic arc length. Transfer efficiency should therefore
increase with increaseing mill speed in the wunlubricated
case. In wet-temper rolling, however, the increase in yield
stress with increasing speed is accompanied by an attendent
increase in lubricant entrapment. Since the increase in
yield stress with strain rate 1is probably rather slow

(Roberts30)

postulates a logarithmic increase), the 1increase
in entrapment probably has a much more marked effect on the
transfer process. Transfer efficiency should therefore
decrease with increasing mill speed in wet-temper rolling.

A summary of the theoreticlly expected influences
of wvarious rolling variables on transfer efficiency (the
degree of roll-strip surface conformity) is given in Table
II.1. Also given in this table is a summary of the empiri-
cally observed influences, which will be described in Part
III. (As can be seen, theory and experiment agree in every
case cited.) The author realizes that this section may seem
somewhat terse and dense, considering the 1length of the
analyses carried out in preparing for it. This section was,
however, primarily intended to describe the basic rules of
thumb useful in evaluating the influence of a given rolling
variable on the transfer process, and to state briefly the
expected effect of the most basic process variables on
transfer. Each trend cited in this section 1is reiterated,

expanded upon, and supported by fairly extensive empirical

data in Sections III.4 to II1I1.10.
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Table II.1

Theoretically Predicted and Empirically Observed Influences of
Increasing Various Rolling Variables on Transfer Efficiency
(the degree of roll-strip surface matching)

Effect on Transfer Efficiency

Rolling Variable Increased
(degree of roll-strip surface

(other variables held

constant) matching)
Theory Experiment
Reduction Increases Increases
Work-roll Diameter Increases Increases
Strip Yield Stress Increases Increases
Slightly
Average Tension Decreases Decreases
Slightly
Strip Thickness Decreases Decreases
Lubricant Viscosity Decreases Decreases
Mill Speed Increases Increases
(dry) Slightly (dry)
Decreases Decreases
(wet) (wet)
Work-roll and Strip
Roughness No Effect No Effect
(dry) (dry)
? (wet) No Wet Data
Available
Rolling Force¥* Generally Generally
Increases Increases

*The influence of rolling force on transfer is primarily due to
its influence on more basic rolling variables, particularly
reduction; cf. Section IV.2.
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111 EXPERIMENTAL PROCEDURES AND RESULTS

IIT.1 Rolling Mills

The data presented in the following sections was
obtained primarily on two instrumented laboratory rolling
mills. Both are single-stand mills with a four-high roll
arrangement. The smaller of the two, referred to as the Nash
mill below, has a roll face width of 5.25 inches, a work-roll
diameter of 3.25 inches, and a backup-roll diameter of 8.5
inches. The larger of the mills, referred to as the Bliss
mill below, uses 6.5-inch-diameter work rolls and 19-inch-
diameter backup rolls with face widths of 14 inches. Both
mills are instrumented to provide for continuous monitoring
and recording of rolling force, spindle torque, entry and
exit tensions, reduction, mill speed, and forward slip during
testing. Both the mills and their instrumentation have been

10,58) These

more fully described in previous documents.
papers give an accurate description of the gages and trans-
ducers presently in place on the mills; however, since their
publication, the eight-channel oscillograph they describe has
been replaced by a microprocessor-based data acquisition
system (consisting of a Hewlett-Packard 9825A microprocessor,
2241A Extender, and 2240A measurement and control processor),
which permits direct digital printout of the rolling vari-
ables mentioned above.

A limited amount of production temper-rolling data
was also obtained on two commercial temper mills. The bulk

of this data was acquired on the No. 7 84-inch

sheet temper mill at U. S. Steel Irvin plant. This 1is a
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single-stand four-high mill designed to use work rolls with
diameters between 23 and 27 inches. A sixteen-channel brush
recorder connected to the operator's instrumentation produced
a printout of roll force, mill speed, extension, and strip
tensions for tests on this mill. A small amount of data was
also obtained on the 80-inch sheet temper mill at the North
Sheet Mill of U. S. Steel Gary Works. This is a four-high,
single-stand mill, employing 24-inch work rolls. For this
mill, no printout of rolling variables was obtainable, and
mill speed and reduction were monitored during testing by

watching the relevant gages in the operator's cab.

IIT. 2 Materials

A large variety of strip materials were used in
this investigation. For the laboratory tests, the bulk of
these materials were taken from a general stock. These coils
were of somewhat uncertain history, but fell in two general
categories: '"Full hard" stock, materials which had undergone
substantial (greater than 50 percent, and perhaps as much as
90 percent) prior cold reduction, and '"annealed,'" which
exhibited only slight yield points during tensile testing and
were probably commercially temper rolled subsequent to
annealing and prior to delivery. The mechanical properties
of these coils are given in Table III.l. The yield stresses
reported in this table are 0.2 percent yield stresses, as
conventionally measured in a low speed, uniaxial tension
test. Further laboratory tests were performed on specially

prepared coils of nominally identical chemical composition.
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Table III.1

Mechanical Properties of Coils From General Stock

Gages 0.2 Percent Yield Strength, psi

Coil Type (inches) (low speed tension test)
A Annealed 0.012 34,600
B Annealed 0.0122 32,200
C Full Hard 0.010 123,700
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These coils were produced by rolling steel from a single,
0.047-inch-thick coil to different thicknesses, and, using
heat-treatment cycles developed from small sample tests,
reannealing the resulting smaller coils to obtain essentially
the same steel, with the same yield stress, in three
different gages. The mechanical properties of these coils
are given in Table III.2, along with estimates of the temper-
atures at which they were soaked. The coils were annealed at
the tops of two commercial box-annealing furnaces. The
nominal soaking temperatures were 110C and 1220 °F; the
soaking temperatures listed in Table III.2 are approximate
values based on the temperature gradients generally observed
in these furnaces. The coils exhibited considerable sticking
and strain-breaking problems after annealing, which may indi-
cate that, due to their relatively small masses, they were
substantially overheated in the commercial furnaces. The
chemical compositions of the coils before and after annealing
are given in Table III.3. As can be seen, no significant
variation in either carbon or manganese content resulted from
the heat treatments.

The coils used in the production trials were all
commercially annealed materials. 0.036-inch-thick electro-
galvanizing line stock was used in the tests at Gary Works;
since no recorded roll-force data was obtained, no samples of
this material were tensile tested. Both autobody sheet and
appliance skirt stock were rolled at the Irvin trials.
Several coils of roughly 0.030-inch thickness and 40,000 psi

yield strength were used. More precise information on
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Table III.2

Properties of Specially Annealed Coils
(All coils soaked 12 hcocurs at soaking temperature;
approximately 6 hours heat up and cool down periods.)

Soaking
Thickness, Temperature, Yield Stress,
Coil inches °F psi
El 0.0120 1300 32,200
E2 0.0185 1300 29,300

E3 0.0295 1175 27,900



-72-

Table III.3

Chemical Analyses of Coils El, E2, and E3 After
Annealing and Unannealed Parent Coil

Gage Percent C Percent N Percent S Percent Mn
Coil (inches) - -

Original 0.047 0.058 0.003 0.036 0.40
E3 0.0295 0.051 0.003 0.037 0.39
E2 0.0185 0.053 0.002 0.033 0.40

El 0.012 0.047 0.001 0.023 0.37
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specific coils is given in Table A.2 in Appendix I1.

The roll surfaces used in the laboratory tests were
all specially prepared for this investigation by commercial
shot blasting, except in one instance when an existing set of
Bliss mill rolls, which had apparently been rough ground and
then shot blasted, was used. The textures produced covered a
fairly wide range, although roll roughncsses and peak counts
generally fell in the respective ranges of 60 to 90 win.R,
and 120 to 180 ppig,- More precise roll and strip textures
are given in the presentation of specific data in Sections
I11.4 to I1II1.11. More varied roll textures were used in the
production tests. Electro-discharge textured, chrome-plated
work rolls were used in the tests at Gary Works, while
shot-blasted rolls with both steel and chrome-plated sur-
faces were used in the Irvin trials.

The 1lubricants used in the laboratory tests were
for the most part standard wet-temper lubricants, and were
usually applied in a 3 percent aqueous solution at 130°F. In
some tests, however, water alone was used as a lubricant,
while in others a tallow-based tandem tin mill oil was

applied neat to give maximum lubricity.

II1.3 Experimental Procedures

The nature of the subject under investigation
required that both the surface properties of the rolls and
strip and the mechanical variables of the temper rolling
process be monitored during testing. This led to the develop-

ment of essentially four testing procedures, one each for
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surface texture and mechanical data for both laboratory and
production situations.

The mechanical testing procedures involved record-
ing the rolling conditions prevailing at various points in a
coil during rolling and being able to locate these points te
measure the resulting surface properties after rolling. In
the laboratory this was accomplished by monitoring the
rolling variables on a CRT screen until desired conditions
were reached, then storing the screen contents under a given
test number in a computer file, while at the same time
inserting a numbered carboard tag into the take-up real of
the mill. This resulted in a computer printout of rolling
conditions at points which could be located by unwinding the
processed coil to each of the cardboard tags. Because of the
small reductions taken, the values of rolling variables
displayed on the screen tended to fluctuate somewhat, and
normally two sets of conditions—one just before the tag was
inserted in the mill and one just after—were recorded and
later averaged for each test. The procedure for the produc-
tion trials at Irvin was basically the same. In this case,
however, rolling variables were monitored by watching the
gages in the operator's cab; at the same time, phone contact
was maintained between the cab and a motor room some distance
away, where the brush recording system was set up. When
desired conditions were encountered, a signal was given over
the telephone to record, while at the 'same time the reading
on the operator's linear-footage meter (which indicated how

many feet of the current coil had been rolled) was recorded,
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along with the test number. Combined with the total footage
of a coil, these linear-footage readings gave the distance
from the end of the coil for each point for which rolling
conditions were known. The coil was then unwound to these
points on a recoil line equiped with a similar footage meter.
The procedures for surface texture measurement
involved the determination of strip-surface characteristics
before and after testing and the inference of the roll
texture during rolling. In the 1laboratory, strip samples
were taken from several points within a coil prior to testing
and from the marked points in the coils after testing. The
samples taken were of length roughly equal to the circum-
ference of the rolls; eight profile meter traces, four on
each side, were taken and averaged to compute the average
roughness and peak count of each sample. The textures of
both rolls were measured before and after each series of
tests. A total of 12 profile meter traces were taken at
90-degree 1intervals arouna the circumference of each roll.
The roll surface properties used in computing.transfer levels
for a particular series of tests were obtained by averaging
measurements taken before and after the series. In the
production trials, procedures were again basically identical,
although practical considerations again dictated some differ-
ences. Strip profile readings could be taken before rolling
only at the head end of the coil, since annealed coils cannot
be recoiled prior to temper rolling without risk of cracking
or strain breaking. After testing, samples could not be cut

from a coil and profiled on both sides; final strip surface
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measurements were thus made directly on the recoil line, with
four traces being taken on one side of the strip only.
Finally, roll surface measurements were taken across the
barrel of the roll at one peripheral position only. At Gary,
roll surface measurements were taken with the rolls in the
mill by climbing over the mill entry table, and roll profile
readings could be taken before and after each coil. At
Irvin, however, the mill design was different, and the rolls
had to be removed from the mill for measurement. Roll
profiles could thus not be taken after each coil, and roll
wear was compensated for by linearly interpolating surface
measurements taken three or four coils apart.

In the laboratory tests, surface measurements were
made predominately with a Bendix profilometer. In some early
laboratory tests and in all production tests, measurements
were made with a Rank-Taylor Hobson Surtronic 3. In the
author's experience these instruments, if properly main-
tained, give virtually interchangeable results. All surface
measurements were made in compliance with SAE standard

J911.%9)

Specifically, a one inch trace was taken and a
0.030-inch roughness cutoff and 50 microinch peak height
definition were used. All profile meter traces were taken
perpendicular to the rolling direction; however, for shot-
blasted rolls at least, roll texture is fairly uniform in the
axial and circumferential directions,and strip surface rough-
ness values should be independent of the direction of measure-

ment. The author has checked this assertion for several

specimens; typical data is given in Table III.4. It should
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Table 111.4

Surface Roughness Measurements Parallel to
and Perpendicular to Rolling Direction

Roughness, microinch Ra

Perpendicular to
Rolling Direction

Parallel to
Rolling Direction

52.3

57.6 +

83.3

97.4 +

1.7
2.4
2.5
3.6

54.3 + 3.2

58.5
84.8
99.4

+

5.8
6.2
2.8
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be noted, however, that this result probably would not hold
for ground rolls. Also, the transfer values quoted in the
following sections were obtained by dividing average surface
characteristics, measured on both sides of a sample, by
corresponding average roll characteristics measured on both
rolls. Since, in general, the textures of the two rolls, and
of the two sides of a given strip sample, differed slightly
for any given test, it might legitimately be asked if 'one-
sided" transfer values, obtained by dividing measurements
from one side of a sample only by measurements from the
corresponding roll, might differ significantly from two-sided
average values. The author has also compared one- and
two-sided transfer values for a limited number of samples and
has found no significant differences between them. Represent-

ative data is given in Table III.S5.

I111.4 Effect of Reduction on Transfer

As was emphasized in Section II.3, surface transfer
in temper rolling should depend more strongly on reduction
than on any other easily measured and controlled process
variable, since this variable reflects most directly the
extent of strip surface dcformation. The strength of this
dependence 1is easily demonstrated. For example, in the
dry-temper rolling of 0.012-inch-thick annealed strip, per-
formed at 50 feet per minute with 18,000 psi entry and exit
tensions applied, and employing 6-%-inch-diameter work rolls
with a texture (in microinches Ra/ppiso) of 70/140, strip

samples rolled to approximately O, 1, 2, 3, and 4 percent
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Table II1.5

Comparison of One- and Two-Sided Transfer Valves

Strip Roughness Strip Peak Count
Sample Roll Roughness Roll Peak Count
(top) 0.473 + 0.015 0.729 + 0.043
(bottom) 0.465 + 0.014 0.680 + 0.041
(average, top
and bottom) 0.469 + 0.021 0.705 + 0.059
(top) 0.880 + 0.033 0.942 + 0.030
(bottom) 0.844 + 0.026 0.911 + 0.036
(top and bottom) 0.862 + 0.042 0.927 + 0.047
(top) 0.900 + 0.026 1.000 + 0.071
(bottom) 0.920 ¥ 0.014 1.026 + 0.046
(top and bottom) 0.910 + 0.030 1.013 + 0.085
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reductions had measured textures of 11/33, 30/83, 37.5/97,
54/126, and 70/138, respectively. Figure 3.1 shows the
surface of a strip sample taken from the roll bite following
these tests; it shows (on the right) the relatively smooth,
undeformed strip entering the mill, and (on the left) the
abruptly roughened surface of the strip after a four percent
temper-rolling reduction.

The reductions quoted for the tests above are only
approximate. The almost linear relationship between rough-
ness transfer and reduction is more clearly illustrated by
more precise data, as, for example, that shown in Figure 3.2.
Corresponding peak count transfer data is given in Figure
3.3. This data is from dry-temper rolling tests performed on
the Nash mill at 1low speeds and with various levels of
applied strip tension. The strong relation between transfer
and reduction, however, 1is characteristic of all data
obtained in this investigation. Slight nonlinearities in the
relationship between roughness transfer and reduction, also
characteristic of most of the data obtained, are evident in
Figure 3.2, particularly at lower reductions; transfer is
somewhat better in this region than would be expected from
Equation 2.4. The least squares estimate of the ratio of
initial strip to roll roughness based on the data given in
Figure 3.2, for example, is about 0.34; the actual value,
from roll and initial strip roughness measurements, is about
0.16. Also, there is a slight decrease in slope in going
from relatively low to high reduction in the roughness trans-

fer versus reduction graphs for most data. In Figure 3.7,
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Fig. 3.1. Sample from Roll Bite of a Laboratory Temper Mill.

Right: Undeformed Strip; approximately ll-microinch roughness,
33 ppis, Peak count.

Left: Strip Temper Rolled to approximately 4 percent reduc-
tion; 70-microinch roughness, 138 ppis, Peak count.
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Fig. 3. 2. Roughness Transfer vs. Reduction
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Fig. 3. 7 Peak Count Transfer vs. Reduction
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for example, the 1least squares estimate for the critical
reduction required for complece transfer is 4.85 percent when
all data for which transfer is less than 90 percent is used,
but 4.45 percent for a fit based on data for which transfer
is less than 70 percent. However, these departures from
linearity, although noticeable in most cases, are rarely
striking. In general, the linear relationship between rough-
ness transfer and reduction postulated by Equation 2.4 was
found to adequately represent the available data.

The strength of the relationship between transfer
and reduction was such, in fact, that it was found convenient
and natural to use this relationship as a gage to measure the
effect of changing other variables on transfer. More pre-
cisely, the data cited in the following sections on the
effects of other variables on transfer will be presented as a
series of transfer versus reduction plots, and the slope of
this plot (or, equivalently, the critical reduction required
for complete transfer in a particular situation), will be
used as a measure of transfer efficiency (e.g., a lower
critical reduction implying more "efficient'" transfer). This
is by no means the only way in which this data could be
presented, or even the most logical; in light of the theoret-
ical discussion of Section II.5, it might seem more reason-
able, for example, to plot transfer against a calculated arc
length or maximum roll-bite pressure. The form of Equation
2.4, however, together with the ease with which reduction can
be measured and controlled in both production and laboratory

situations, and the difficulty of holding reduction constant
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while changing other variables, makes the chosen manner of
pPresentation by far the most practical. Moreover, the strong
relationship between reduction and the more basic variables
mentioned above minimizes any benefit to be gained by resort-

ing to a less convenient method.

IIT.5 Effects of Roll Diameter and Roll Koughness on Transfer

With other rolling variables held constant, an
increase in roll diameter should lengthen the arc of contact,
increasing the maximum roll bite pressure and leading to a
decrease in the reduction required for strip surface yielq in
‘shear, and thus to a decrease in the critical reduction
required for complete transfer. Data in support of this
conclusion is presented in Figures 3.4 to 3.7. The steel
rolled in these tests came from different sections of two
coils, and the inherent variation of surface properties with-
in a single coil (e.g., the inner wraps of a coil often have
a slightly different texture than the outer wraps, as will be
demonstrated in Section III.13) is evident in the variation
in reported initial surface properties. ﬁonetheless, at
reductions sufficient to erase the effects of initial strip
surface differences, a clear increase in transfer efficiency
with increasing roll diameter is evident.

The textures of the Bliss- and Nash-mill rolls used
in these tests did not match as closely as might have been
desired. However, as can be seen from the data shown in
Figures 3.8 and 3.9, variations in roll roughness do not seem

to significantly influence the transfer process in dry-temper
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Fg. 3. Roughness Transfer vs. Reduction
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Fig. 3. 5§ Peak Count Transfer vs. Rsduction
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Fig. 3. hness Transfer vs. Reduction
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rig. 3. 7— Peak Count Transfer vs. Reduction
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Fig. 3. U Roughness Transfer ¥vs. Reduction
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Fig. 3. 1 Roughness Transfer vs. Reduc
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rolling. Such variations would be expected to influence
surface transfer only if they give rise to corresponding
variations in the coefficient of sliding friction in the roll
bite, and, as discussed in Section II.5, experimental evid-
ence (from low pressure experiments) has shown that this is
generally not the case in dry sliding, if pathelogically
rough or smooth surfaces are excluded.57) This result seems
to apply to the temper-rolling tests performed to produce
Figures 3.8 and 3.9; the variation in roll roughness in these
tests produced no variation in rolling force, indicating that
~the friction coefficient remained constant. Although these
tests were performed at low speeds, it seems reasonable to
expect this result to apply to dry-temper rolling at commer-
cial speeds as well, (since, in dry sliding, the friction
coefficient generally variesonlyslightly Withslidingspeed60),
and to conclude that variations in roll roughness within
the ranges usually encountered in production situations gener-
ally have little effect on roll bite friction and roughness
transfer in commercial dry-temper rolling. It should be
emphasized, however, that this conclusion is drawn from an
extrapolation of the results of low speed tests. It should
also be noted that a variation in roll roughness could very
well alter lubricant entrapment, and thus roll bite friction
and roughness transfer, in wet-temper rolling, particularly at
commercial speeds. The author has conducted a limited number
of tests in this area; however, these tests used materials
and conditions identical (except for the presence of a lubri-

- cant) to those of the tests used to construct Figure 3.9,
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and, due to the 1low mill speed and consequent lack of
significant entrapment, produced virtually identical results.
Data on the variation of rolling force with roll roughness in
commercial wet-temepr rolling would give an indirect indica-
tion of the influence of roll roughness on roll-bite fric-
tion, and thus on transfer, in this area; such data, however,
is not presently available.

Peak count transfer data corresponding to Figures
3.8 and 3.9 is not given, because the minimum peak height
used to define a peak makes this parameter extremely sensi-
tive to absolute roughness values. A roll with a roughness
of 90 microinches, for instance, will transfer all of its
peaks at a lower reduction than one with a roughness of 40
microinches (if a peak height definition of 50 microinches is
used), even if the variation in percent roughenss transfer
with reductuion is identical between the two cases. Finally,
some of the data compared in Figures 3.4 to 3.9 was taken
from tests in which sligﬁtly different levels of strip ten-
sion were used. The effect of tension on transfer will be
discussed in Section III.10; in these tests, however, the
changes in tension were small compared to the compressive
yield stress of the strip in the roll bite, and consequently,
as will be shown, probably had little effect on transfer

(cf. also Figures 3.2 and 3.3).

111.6 Effect of Strip Grade on Transfer

As was noted in Section II, the plastic arc length
in temper rolling should, in general, increase with compres-

‘sive yield strength of the strip. Consequently, transfer
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efficiency should increase with increasing strip yield
strength, the difference being most marked when comparing
annealed strip with strip that has undergone substantial
prior cold work. This trend is illustrated by Figures 3.10
and 3.11. The materials tested in this instance were from
different coils, but in general the author has found that
full-hard strip gives complete transfer at a significantly
lower reduction than annealed or temper-rolled stock; typical
values are 3 percent for full-hard material versus 4 to 5
percent for comparable annealed material. This result is of
limited practical benefit, since commercial sheet-temper
rolling is generally carried out only on annealed (or, in the
case of the second stand of a tandem temper mill, lightly
reduced) strip. The result is, however, of some theoretical

value, since it is consistent with the theoretical discussion
given in Part 1II, but somewhat contrary to intuition; a
priori, one would probably expect that it would be more
difficult to press the aéperities of the roll into a hard,

strong surface than into a softer one.

111.7 Effect of Lubrication on Transfer

As was discussed in Section II.5, the introduction of
a lubricant into the roll bite in temper rolling would
significantly affect the mechanics of the process only if
significant lubricant entrapment within the roll bite itself
occurred. Such entrapment would reduce the friction coeffi-
cient at the roll-strip interface; this, in turn, would
increase the critical reduction required for complete

transfer and reduce transfer efficiency as compared to
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corresponding dry-temper rolling conditions. Qualitatively,
entrapment should increase, and transfer efficiency should
decrease, with increasing lubricant viscosity and mill speed.
These trends are illustrated by Figures 3.12 to 3.15, which
present the results of tests performed with lubricants of
differing viscosities at two mill speeds. Three lubricants
were used; water, a typical temper-rolling lubricant with a
viscosity roughly equal to soapy water, and a tallow based
tandem tin-mill rolling oil with a static viscosity of 233
S.U.S. units at 104° F. As can be seen, at low speeds sig-
nificant entrapment occurs only with relatively viscuous
lubricants, but, as mill speed increases, noticeable entrap-
ment occurs at low viscosities as well. Since commercial
wet-temper mills operate at speeds roughly an order of magni-
tude greater than those used in these tests, percent transfer
levels in commercial wet-temper rolling should be signifi-
cantly 1lower than 1levels in dry-temper rolling under
analogous conditions, even with the relatively watery lubri-
cants usually employed. The quantitative effect of lubricant
entrapment on transfer efficiency under commercial conditions
is difficult to assess at this point, but will be discussed

in broad terms in Section III.1l3.

I111.8 Effect of Mill Speed on Transfer

In considering the effect of mill speed on trans-
fer, a distinction must be made between wet- and dry-temper
rolling. As was shown in the previous section, increasing
mill speed in wet-temper rolling results in increased lubri-

cant entrapment in the roll bite and decreased transfer
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Fig. 3. )2 Roughness Transfer Va.' Reduction
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Tig. 3. |3 Peak Count Transfer vs, Reduction
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Fig. 3. |4 Roughness Transfer vs. Reduction
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Fig. 3. |5 Peak Count Transfer vs. Reduction
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efficiency. Increasing mill speed, however, also increases
the compressive yield stress of the strip somewhat, which in
turn should increase plastic arc length under otherwise
identical conditions. In wet-temper rolling, che effects of
this increase are most likely negligible when compared to the
effects of increasing lubricant entrapment. In dry-temper
rolling, however, an increase in plastic arc length and strip
yield stress should lead to increases in both transfer effi-
ciency and rolling force. Figures 3.16 to 3.24 show the
results of three sets of dry-temper rolling tests in which
‘the mill speed was varied. As can be seen, transfer does not
appear to be noticeably sensitive to changes in mill speed,
except in cases when these changes would be expected to cause
substantial percentile increases in the compressive vyield
strength of the strip and, consequently, significant
increases in arc length. Thus no noticeable change in
transfer is evident when mill speed is increased by a factor
of two when rolling annealed strip (Figures 3.19 and 3.20)
or a factor of six when rolling heavily work-hardened strip
(Figures 3.22 and 3.23). As can be seen from Figures 3.71
and 3.24, the changes in mill speed did not significantly
affect rolling force data in these cases, either. For a
(roughly) order of magnitude increase in mill speed when
rolling annealed strip, however, noticeable increases in
both rolling force and transfer efficiency (Figures 3.16,
3.17, and 3.18) are evident. Overall, this data is qualita-
tively consistent with the theoretical discussion given in

Part II, although the influence of mill speed on transfer
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Fig. 3. lb Roughness Transfer vs. Reduction
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Fig. 3.|F Peak Count Transfer vs. Reduction
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Fig. 3. 20 Peak Count Transfer vs. Reduction
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Fig. 3.2‘ SPLCIFIC RoL\iWG Forcx VI, Reduction
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Fig. 3. 23 Peak Count Transfer vs. Roducts.on
(ML sreep VARIBP

Roll Diameter (inches}: 3.9 7

Roll Peak Count (ppigy)s ¥ 132,5 ©146.5

Strip:s co\w €

Initial peak ommt(pp150)s XxAa¢ o1M
Mill Speed (feet/minute)t X“§o0 o 315
Strip Tensions (psi):s Entry y 1060 o 15000

Lubrication: pyy

Bxit

% 11000 0 (5000

REDUCTION, %

x4 17 1 ¥ ¥V ¥ 1 1

-
X o X
X o
- X
« X0 o

- Xy o
- 0
. O
_
P

T N B D B B |

1 2 3 5




-111-

Fig. 3. 1“ SPLCIFIC RollinG Force vs. Reduction
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does not appear to be as marked as might have been expected.
It indicates that, in commercial dry-temper rolling, both
transfer efficiency (at constant extension) and the compres-
sive yield strength of the strip should increase noticably as
the mill is accelerated from coil feeding to full production
speed. In terms of the actual transfer levels observed, this
leads to an interplay of contradictory effects. Increasing
mill speed, as noted above, generally increases transfer
efficiency at constant extension; however, the accompanying
increase in yield strength frequently leads to fluctuations
(generally decreases) in extension as full speed is -reached.

Overall, the influence of extension on transfer is much more
marked than that of mill speed, and the portions of coils
which receive the heaviest reductions during temper rolling
(often the head and tail ends) usually exhibit surface tex-
‘tures closest to that of the rolls used. Data from produc-
tion mills on the variation of extension and surface transfer
with mill speed (obtained by sampling head end, tail end, and
interior sections of several coils) is presented in Section

III1.13 (Figure 3.46) and Appendix II.

I11.9 Effect of Strip Gage on Transfer

The most interesting results obtained in this investi-
gation were those from tests on three small coils produced by
cold-reducing steel from a single large coil to three differ-
ent gages. These coils were then annealed tov roughly uniform
yield stresses, giving essentially the same steel in three
thicknesses. From a superficial, qualitative consideration

of the arguments given in Part Il, and from common sense, one
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would expect that increasing the thickness of the strip in
temper rolling, with all other factors held constant, would
increase both transfer efficiency and rolling force, since it
would increase the plastic arc length. The data presented in
Figures 3.25 to 3.27, however, indicates that this 1s not
always the case. Although these results appear to contradict
the qualitative theoretical reasoning of Part II, they are,
in fact, consistent with the corresponding quantitative devel-
opment; the expression given for the minimum critical reduc-
tion required for complete transfer, Equation 2.16, depends
on strip gage in a complex manner, but suggests that R
should, in general, increase with strip thickness. This 1is
illustrated by Table III.6, which gives values of the criti-
cal reduction for complete transfer computed from Equation
.2.16 for representative laboratory and production conditions.
Further discussion of the influence of strip gage on both
transfer efficiency and rolling force is given in Section

ITII.1.

111.10 Effect of Strip Tensions on Transfer

Strip tensions might be expected to influence surface
transfer in two ways. First, a large increase in the average
tension applied to the strip could significantly decrease its
effective compressive yield strength, leading to a decreased
plastic arc length and less efficient transfer. Second, a
change in the ratio of entry to exit tension could move the

position of the neutral point in the roll bite, leading to a
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Fig. 3.29 Roughness Transfer ve. Reduction
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Fig. 3. 2b Peak Count Transfer vs. Reduction
( STRIP THICKNESY VARIED )
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Fig. 3 17' SPLCIFLC RowLinG Forer vs. Reduction
(STRI|P THICKNESS yARIED)
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Table III.6

Variation of Calculated Critical Reduction for
Complete Transfer (R) With Strip Thickness (t)

Lp = K\/E%E ; K = a constant

a = LE(Zu)
rt

Roll Diameter,
(in.)

3.197

3.197

24

1.25

1.5

1.0

0.24

0.24

0.24

t,
(in.)

0.012
0.0185
0.0295

0.012
0.0185
0.0295

0.012
0.0185
0.0295

0.93
1.43
2.26
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change in the peak pressure achieved along the arc of con-
tact, and thus to a change 1in the critical reduction neces-
sary for complete transfer.

A number of tests were conducted to evaluate the
magnitudes of the influences of average tension and tension
ratio on transfer. Early data, such as that presented in
Figures 3.2 and 3.3 of Section III.4, indicated that the
transfer process was largely independent of the average ten-
sion applied to the strip. For this reason, tension levels
were not closely monitored in many later tests; tcn:ion
levels were adjusted (more or less arbitrarily) duri.._ each
set of tests to give relatively stable rolling forces, to
reduce shape defects in the outgoing strip, and occasionally
to eliminate high-pitched screeches o: whines which sometimes
accompanied certain test conditions. This resulted in many
sets of data being obtained at slightly different tension
levels, and, as can be seen from previous sections, compari-
sons being made between data sets gathered under nonuniform
tension conditions. The author does not feel that the
nonuniformity of applied tension significantly confounded the
results of these comparisons. On the whole, data taken under
most conditions, such as that presented in Figures 3.2, 3.3,
and 3.28 to 3.33, showed no marked variation in transfer
efficiency with average tension, althcugh considerable scat-
ter is evident in this data, particularly in the small
samples obtained at low mill speeds. (As discussed in Section
1V.3, temper-rolling reductions become difficult to measure

accurately in the laboratory at low speeds.) An appreciation
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Fig. 3. 2.9 Roughness Transfer vs. Reduction
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