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ABSTRACT OF THE DISCLOSURE

The method and apparatus of the present is a rolling mill
having rolls with inverse symmetrical profiles and a method of
using the same. An inverse symmetrical profile is a profile in
which the right and left sides of a roll, with respect to the roll
center line, have the profiles that are described by the same
polynomials but with opposite signs. A family of metal strip
profiles can be created by the method and apparatus of the present
invention wherein the family of strip profiles created prior to
roll shifting are strip profiles expressed by polynomial functions
having terms of the n™ order, where n is preferably 1-5 inclusive,
and the family of strip profiles produced by shifting at least one
upper roll having an inverse symmetrical profile and at least one
lower roll having an inverse symmetrical profile are strip profiles
expressed by polynomial functions having terms of the (n-1)t" order,

where n 1s preferably 1-5, inclusive.
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INVERSE SYMMETRICAL VARIABLE CROWN ROLL
AND ASSOCIATED METHOD

Field of the Invention
The present i1nvention 1s a method and apparatus for the
reduction of local roll wear in a rolling mill as well as the

correction of a variety of metal strip profiles 1in a rolling mill.

Background of the Invention

Strip profiles have many common shapes identified as flat
or rectangular, heavy center or convex light center or concave.
Often it 1s desired to produce finished metal strip having a convex
profile. Further i1t 1s not Jjust the convex profile that 1is
important, but 1t 1s the shape of the convex profile that 1is
critical. To this end, i1t 1s often desirable to produce a convex
profile that 1s polynomial. 1In other words, the convex profile,
specifically the curvature of the top and bottom edges, can be
described mathematically by a polynomial function.

Obtaining a convex profile that 1s polynomial 1is
typically performed by at least one of the two known methods, roll
bending or roll shifting. Roll bending refers to placing load on
the journaled ends of the work rolls of a mill stand, typically
only the top work roll, in order to bend the work rolls, and thus
to modify the metal strip profile.

The basic functions of positive roll bending are to
increase the reduction at the center of the strip and to reduce the
reduction at the edges of the strip. Conversely, negative work

roll bending gives 1ncreased reduction at the edges of the strip

and can lead to a decrease in the reduction at the center of the

strip.
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The other way to correct the profile of a metal strip is

by roll shifting which refers to axially shifting at least one non-

10

20

30

cylindrical roll in the mill stand. Axially shifting at least one
non-cylindrical roll, changes the shape of the space between the
work rolls. This space between the work rolls defines the roll
gap. Changing the roll gap by roll shifting can also cause the
"correction" of a strip profile to create a polynomial profile.
Correcting a strip profile involves altering the curvature of the
surfaces of the metal strip without changing the gauge of the
strip. The change in the strip profile is dependent on the shape
of the roll, work roll, intermediate roll or backup roll, that 1is
shifted. Not all roll shapes or combinations thereof can create a
roll gap that will correct a strip profile to produce a polynomial
profile. Correction of strip profile by roll shifting is dependent
on the shape of the non-cylindrical roll or rolls that are shifted
as well as the shape of the strip profile to be corrected.

Roll bending and roll shifting create wvarious strip
profiles. Various strip profiles created on a rolling mill by roll
bending and roll shifting are referred to as a family of strip
profiles. A family of strip profiles comprise a strip profile
envelope. The greater the strip profile envelope the greater the
capability of the mill to produce desired profiles.

One example of prior art roll shifting 1s the so-called
continuously wvariable crown, or CVC, rolling 1in which the work
rolls and backup rolls have an S- or bottle-shaped profile which
provides for adjustment of the roll gap profile by bi-directional
shifting of the rolls. Disadvantages of the CVC system are that it
requlres special, asymmetrical roll grinding, and produces an
asymmetrical backup roll wear pattern. Moveover, 1t does not

provide sufficient improvement to avoid the need for use of several
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sets o;‘_ rolls for rolling a range of sheet or strip of wvarious
sizes which can be rolled 1n a given mill.

When the material 1s rolled between the curved initial
crown portions of the upper and lower work rolls, a variation of
the roll gap 1s small even 1f the upper and lower work rolls are
axially shifted, and by compensating for this wvariation by roll
bending, the work rolls can be cyclically shifted axially within a
predetermined range. By doing so, the wear of the work rolls due
to the rolling 1s dispersed, the 1initial crown of the work rolls
can be maintained for a long period of time. As a result, it is
possible to perform the rolling operation of the wide material
after the rolling operation of the narrow material i1s performed,
and the limitation on the order of the rolling operation with

respect to the width of the material to be rolled can be

eliminated.

OBJECTS OF THE INVENTION

It 1s the principal object of the invention to provide a
method and an apparatus to provide a family of strip profiles in a
rolling mill for the purpose of correcting a large variety of strip
profiles.

It 18 an object of the present invention to provide a
method and apparatus for reducing local roll wear on the work rolls
of the rolling mill.

It 1s another object of the present invention to provide
a method and apparatus that can achileve precise workpiece profile
control by economical and efficient means.

It 1s still another object of the present invention to
provide a mill stand which i1s compatible with existing rolling mill

technology.
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It 1s a further object of the 1nvention to provide a
large strip profile envelope.

Other objects, features and advantages of the present
invention will become apparent from the following detailed

description taken in conjunction with the accompanying drawings.

SUMMARY OF THE INVENTION

The present i1nvention 1s a method and apparatus for the
reduction of 1local roll wear in a rolling mill as well as the
correction of a variety of metal strip profiles in the same. This
can be accomplished using rolls having 1inverse symmetrical
profiles. An inverse symmetrical profile 1s a profile in which the
right and left sides of a roll, with respect to the roll center
line, have the profiles that are described by the same polynomials
but with opposite signs. The method and apparatus of the present
invention is a rolling mill having rolls with inverse symmetrical
profiles and a method of using the same. A family of metal strip
profiles can be created by the method and apparatus of the present
invention wherein the family of strip profiles created prior to
roll shifting are strip profiles expressed by polynomial functions

th order, where n is preferably 1-5 inclusive,

having terms of the n
and the family of strip profiles produced by shifting at least one
upper roll having an inverse symmetrical profile and at least one
lower roll having an inverse symmetrical profile are strip profiles

)th

expressed by polynomial functions having terms of the (n-1 order,

where n is preferably 1-5, inclusive.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. la 1s a profile form of two linear rolls;

FIG. 1lb 1s a profile form of two quadratic rolls;

4
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FIG. 1lc 1s a profile form of two cubic rolls;

FIG. 1d 1s a profile form of two quartic rolls;

FIG. le 1s a profile form of two CVC rolls;

FIG. 1f 1s a profile form of two UPC rolls;

FIG. 1g 1s a profile form of two K-WRS rolls;

FIG. 2 1s a profile form of two backup rolls and two work
rolls of the prior art;

FIG. 3 18 a schematic cross-sectional illustration of a
4-h1 mill stand of the prior art with the work rolls positioned to
produce a generally flat strip;

FIG. 3a 18 a strip profile produced by the mill stand of
FIG. 3;

FIG. 4 1s a schematic cross-sectional illustration of a
4-hi1 mill stand of the prior art with the work rolls shifted to
produce a strip with a convex profile;

FIG. 4a 18 a strip profile produced by the mill stand of
FI1G. 4;

FIG. 5 1s a schematic cross-sectional illustration of a
4-hi mill stand of the prior art with the work rolls shifted to
produce a strip with a concave profile;

FIG. 5a 1s a strip profile produced by the mill stand of
FIG. 5;

FIG. 6 1s a profile form of two backup rolls and two work
rolls of the present invention;

FIG. 7 1s a schematic cross-sectional illustration of a
4-h1 IVC mill stand of the present invention with the work rolls
positioned to produce a generally flat strip;

FIG. 7a 1s a strip profile produced by the mill stand of

FIG. 7;
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FIG. 8 1s a schematic cross-sectional illustration of a
4-hi1 IVC mill stand of the present invention with the work rolls
shifted to produce a strip with a convex profile;

FIG. 8a 1s a strip profile produced by the mill stand of
FIG. 8;

FIG. 9 1s a schematic cross-sectional 1llustration of a
4-hi1 IVC mill stand of the present invention with the work rolls
shifted to produce a strip with a concave profile;

FIG. 9a is a strip profile produced by the mill stand of
FIG. 9;

FIG. 10 18 a schematic cross-sectional i1llustration of a
4-hi IVC mill stand of the present 1invention showing the roll
shifting stroke "g";

FIG. 11 is a graph of the change of center line roll gap
versus the roll shifting stroke of work rolls in a 4-hi IVC mill of
the present i1nvention;

FIG. 12 1s a graph of the differential roll gap wversus
the roll shifting stroke of work rolls 1n a 4-hi IVC mill of the
present invention;

FIG. 13 1is a graph of the eqguivalent work roll crown
versus the roll shifting stroke of work rolls 1in a 4-hi IVC mill of
the present i1nvention;

FIG. 14 1s a schematic cross-sectional i1illustration of a
simplified IVC mill of the present invention with a roll shifting
apparatus and roll bending apparatus and the associated controls;

FIG. 15 1s a profile form of two backup rolls and two
work rolls of another embodiment of the present invention;

FIG. 16 1s a schematic cross-sectional illustration of a

4-hi1 IVC mill stand of the present invention with the work rolls
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havingﬁperfect contact and shifted to produce a strip with a convex
profile;

FIG. 1l6éa 1s a schematic cross-sectional illustration of
the mill stand of FIG. 16 with roll gaps;

FIG. 17 1s a schematic cross-sectional illustration of a
4-hi1 IVC mill stand of the present invention with the work rolls
having perfect contact and positioned to produce a generally flat
strip;

FIG. 1l7a 1s a schematic cross-sectional illustration of

the mill stand of FIG. 17 with roll gaps;

FIG. 18 18 a schematic cross-sectional illustration of a
4-hi1 IVC mill stand of the present i1nvention with the work rolls
having perfect contact and shifted to produce a strip with a
concave profile;

FIG. 18a 1s a schematic cross-sectional i1llustration of
the mill stand of FIG. 18 with roll gaps;

FIG. 19 1s a schematic cross-sectional illustration of a
4-hi IVC mill stand of the present invention with the work rolls
shifted to produce a strip with a convex profile;

FIG. 19a 1s a schematic cross-sectional illustration of
a conventional mill stand showing the comparative work rolls
necessary to produce a strip with a convex profile comparative to
that of FIG. 19;

FIG. 20 1s a schematic cross-sectional i1llustration of a
4-hi1 IVC mill stand of the present invention with the work rolls
positioned to produce a generally flat strip;

FIG. 20a is a schematic cross-sectional illustration of
a conventional mill stand showing the comparative work rolls

necessary to produce a generally flat strip comparative to that of

FIG. 20;
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FIG. 21 1s a schematic cross-sectional 1llustration of a
4-hi IVC mill stand of the present invention with the work rolls
shifted to produce a strip with a concave profile;

FIG. 2la 1s a schematic cross-sectional 1llustration of
a conventional mill stand showing the comparative work rolls
necessary to produce a strip with a concave profile comparative to
that of FIG. 21;

FIG. 22 1s a profile form of two work rolls of the
present 1nvention;

FIG. 23 1s a strip profile of a centrally crowned strip;

FIG. 24 is a quadrant graph of the strip profile envelope
for a 4-hi IVC mill and a 4-hi mill with c¢ylindrical rolls;

FIG. 25 1s a graph of the wvariation in strip thickness
versus the distance from the work roll center of a 4-hi IVC mill
stand of the present invention;

FIG. 26 is a graph of the variation in strip thickness
versus the distance from the work roll center of a 4-hi IVC mill
stand with cylindrical rolls;

FIG. 27 1s a graph ot the equivalent work roll profile
for positive work roll shifting versus the distance from work roll
center of a 4-hi IVC mill stand of the present 1invention;

FIG. 28 1s a graph of the equivalent work roll profile
for negative work roll shifting versus the distance from the work
roll center of a 4-hi IVC mill stand of the present invention;

FIG. 29 1s a graph of al versus n in a 4-hi IVC mill
stand of the present i1invention;

FIG. 30 1s a graph of a2 versus n 1n a 4-hi IVC mill

stand of the present invention;
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FIG. 31 1s a graph of the equivalent work roll crown
versus work roll shifting stroke i1n a 4-hi IVC mill stand of the
present 1nvention;

FIG. 32 1s a schematic cross-sectional illustration of a
6-hl1 mill stand of the present i1nvention with IVC work and backup
rolls having perfect contact and shifted to produce a strip with a
convex profile;

FIG. 32a 1s a schematic cross-sectional illustration of
the mill stand of FIG. 32 with roll gaps;

FIG. 33 18 a schematic cross-sectional i1llustration of a
6-hi1 mill stand of the present invention with IVC work and backup
rolls having perfect contact and positioned to produce a generally
flat strip;

FIG. 33a 1s a schematic cross-sectional illustration of
the mill stand of FIG. 33 with roll gaps;

FIG. 34 1s a schematic cross-sectional illustration of a
6-hi mill stand of the present i1nvention with IVC work and backup
rolls having perfect contact and shifted to produce a strip with a
concave profile; and

FIG. 34a 1s a schematic cross-sectional illustration of

the mill stand of FIG. 34 with roll gaps.

DETAILED DESCRIPTION OF THE INVENTION
The present invention 1s directed toward an efficient and
flexible apparatus and method for correcting strip profiles

characterized by different and varying polynomial functions. The
apparatus and method of the present invention uses a mill stand

having a housing for mounting rolls so that they are journaled in
roll chocks and at least two rolls, for example, work rolls,

intermediate rolls or backup rolls, having an inverse symmetrical
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prOfilé, referred to as 1nverse symmetrical variable crown (IVC)
rolls. A mill having IVC zrolls 1s referred to as an 1inverse
symmetrical wvariable crown rolling mill (IVC mill). An inverse
symmetrical profile 1s a profile i1in which the right and left sides
of a roll, with respect to the roll center line, have the profiles
that are described by the same polynomials but with opposite signs.
In other words, the amount of deviation on the right and left sides
of the roll from a cylindrical profile 1s the same but in opposite
directions.

It 1s 1mportant for metal strip producers, particularly
steel producers, to control the shape of the finished metal strip,
the cross section of which shows the variation in strip profile.
Hot rolling a metal strip allows a producer to directly control the
shape, and hence the strip profile, because the heated metal 1is
workable and hot rolling shapes the profile of the metal strip.
Contrary to the cold rolling process, a producer does not want to
change the relative strip profile (ratio of the strip crown to
strip thickness 1n the center of the strip) because changing the
profile will cause flatness problems in the metal strip. Instead
the strip profile 1is "corrected" i1in a finishing mill.

Correcting a strip profile 1involves altering the
curvature of the surfaces of the metal strip without changing the
gauge of the strip. Changing the strip profile by changing the
gauge or changing the location of a crown 1in the strip causes
flatness problems, so 1t 1s desired to avoid these types of
changes.

A metal strip has a top and bottom surface, two side
surfaces and two end surfaces. The top and bottom surfaces of the
strip have the largest surface area. The strip profile, described

by the cross section of the metal strip, i1s defined by four edges,
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top and bottom edges corresponding to the top and bottom surfaces
of the metal strip and two side edges, corresponding to the two
side surfaces.

There are many different profiles and combinations of
profiles of mill rolls. The most common mill rolls are the
following which are shown 1n FIG. la-g and defined by the function

f(Y) which i1is a polynomial function where x distance from the

center of the roll:

Linear Y= 0.02x
10 Quadratic Y= 0.002x%°%
Cubic - 0.0001x%3
Quartic = 0.000002x"*
CVC roll Y= 0.0001634x> - 0.3021x
UPC roll Y= -0.00002374x> + 0.002590X% + 0.05640x

K-WRS roll Y= 0.00000081x* - 0.000034x> -0.000295%% + 0.015x%

In designing the roll profile, four principal factors
must be considered: The first factor is the compatibility of the
roll gap profile change caused by roll shifting with the desired
change of the strip profile. When the rolls having polynomial

20 profile of the n'™ order are shifted, the shift produces a change
of the strip profile that 1s expressed by a polynomial of the (n-
1) order. For example, the profile of the CVC roll (FIG. le) is
expressed by the polynomial that contains components of the third
and the first orders, where "a " (n=0-3) 1s a constant, as shown in
equation (1) :
y=a3X3—a1X (1)
The shifting of the CVC rolls will result 1n a change in the strip
profile that 1s expressed by the polynomial that contains a
component of the second order of polynomial, as shown in equation
30 (2) :

y=a,X* (2)

11
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HoWever, a real strip profile contains other components of the
polynomial with both lower and higher orders. From a practical
point of view, the strip profile can be accurately presented by the
polynomial that contains the components of the first, second,
third, and fourth orders, where "a" 1s a constant as shown 1in
equation (3):

Y=a4X4+a3X3+a2X2+a X (3)

1
If the strip profile i1s described by a polynomial with components
of the first, second, third and fourth orders, then the polynomial
of the roll profile must contain the components of the first,
sécond, third, fourth, and fifth orders as shown i1n equation (4):
y=a5X5+a4X4+a3X3+a2X2+a1x (4)
None of the known roll profile polynomials (FIG. la-g) contains
components with the order higher than fourth, as listed above.
The second factor 1s the effectiveness of the roll
shifting "E." This factor 1s defined as the ratio of the change in
the strip profile, ac, to the roll shifting stroke, s, as shown 1in

equation (5):

E = AC (5)

S

The shorter roll shifting stroke, s, that can produce the same
change 1n strip profile, ac, the more effective the roll shifting
actuator is. To 1increase the effectiveness of the roll shifting E
1t 1s necessary to use a roll profile that curls both up and down
in respect to a roll axis. Among the known roll profiles, only
cubic and CVC profiles meet this requirement.

The third factor i1s the shape of the roll contact between
the rolls. To reduce the local contact stresses 1t 1s desirable to
avold "bulging" shapes i1n the roll such as typical for quadratic

(FIG. 1b), CVC (FIG. l1le), and UPC (FIG. 1f) roll shapes.
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The fourth factor 1s the simplicity of grinding the roll
profile. In the conventional rolls, the roll profile is
symmetrical with resect to the center line of the roll. It permits
to use standard grinding machines to achieve a very high precision
with which the roll profile can economically be made. All known
roll profiles that are wused with shifting rolls are non-
symmetrical. This means they are not symmetrical with respect to
the roll center line. To grind this profile, more expensive
grinding machines are required. The non-symmetrical roll profile
1s unavoldable to produce the effect of roll shifting on strip
profile. However, 1t 1s possible to simplify the grinding process
by employing the inverse symmetrical profile in which the right and
left parts of the rolls 1n respect to the roll center line have the
profiles that are described by the same polynomials with opposite
signs, such as, where "a" 1s a constant:

left side of the roll: y=aX*'+a,X>+a,X’+a,x (6)

1

right side of the roll: y=-a,X*‘-a,X’-a,X°-a,x. (7)

1
The 1nverse gsymmetrical profile 1s possible to produce with
standard grinding machines with very high accuracy. In summary,
none of the known roll profiles meets all four reguirements
described above. The rolls with an i1nverse symmetrical profile,
however, meets all these requirements.

The rolling apparatus and method of the present invention
uses rolls with an inverse symmetrical profile (IVC rolls). By
using IVC rolls, one can reduce local roll wear in a rolling mill
as well as correct a variety of metal strip profiles in the same.

First, a prior art rolling mill stand employing variable
crown rolls 1s described in US Patent No. 4,656,859 and illustrated

in FIG. 2, as a schematic representation of a 4-hi mill stand. An

upper backup roll 2 i1s inversely symmetrical and rotatable about a

13
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loﬁgitﬁdinal axis 4. In other words, upper backup roll 2 has a
convex portion 6 which i1s outwardly convex and an adjacent concave
portion 8. The upper backup roll 2 diverges from a smaller end 10
to a larger end 1l2. As indicated 1n the drawing, at a distance X
from the center of the roll 2, i1ndicated by the center line, the
vertical deviation from the center where X=0 1s equal to Y on both
the left and right sides of upper backup roll 2.

An upper work roll 14 which 1s arranged to contact with
upper backup roll 2 is rotatable about a longitudinal axis 16. The
upper work roll 14 has a convex portion 18 for contact with concave
portion 8 of the upper backup roll 2. The upper work roll 14 also
has a cylindrical portion 20 for contact with convex portion 6.

Below upper work roll 14 1s a lower work roll 22 which 1is
rotatable about a longitudinal axis 24. Lower work roll 22 has a
cylindrical portion 26 on one end and a concave portion 28 on the
opposite end. Lower work roll 22 1s for contact with a lower
backup roll 30 which has a longitudinal axis 32, a concave portion
34 and a convex portion 36. Concave portion 34 1s for contact with
cylindrical portion 26 and convex portion 36 1s for contact with
concave portion 28 of lower work roll 22. As indicated in the
drawing, at a distance X from the center of the roll 30, indicated
by the center line, the vertical deviation from the center where
X=0 is equal to Y on both the left and right sides of lower backup
roll 30.

In this known system, the upper work roll 14 and the
lower work roll 22 can be shifted to create various strip profiles
for substantially flat, convex and concave metal strip. The
operation of the mill stand of FIG. 2 1s shown 1in FIGS. 3-5. In
this mill stand configuration, bil-directional shifting of upper

work roll 14 and lower work roll 22 can create variable strip
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prbfilés as i1llustrated in FIGS. 3a-5a. In FIG. 3, the upper work
roll 14 and lower work roll 22 are positioned to produce a
generally flat strip profile 38, as in FIG. 3a, from a metal strip
39. In FIG. 4, upper work roll 14 and lower work roll 22 are
shifted to produce a convex strip profile 40, as in FIG. 4a, from
metal strip 39 and in FIG. 5, upper work roll 14 and lower work
roll 22 are shifted to produce a concave strip profile 42, as in
FIG. 5a, from metal strip 39. The drawback of the mill stands of
FIG. 4 and FIG 5 1s that both upper work roll 14 and lower work
roll 22 must be shifted and the rolls will wear especially at the
location near the edges of the metal strip between upper work roll
14 and lower work roll 22. Local roll wear can be alleviated by
roll shifting.

Generally, the axial shifting of rolls in a rolling mill
1s employed to perform the following functions:

1) reduce local roll wear near strip edges; and

2) provide varliable profiles of the roll gap.
The first goal 1s achieved by employing generally cylindrical rolls
and by their periodic axial shifting after rolling a certain number
of coils. The amount of shifting and a number of coils prior to
next shifting greatly affect the efficiency of this procedure.
These parameters depend on the rolled product geometry and
hardness. A typical roll shifting pattern would involve shifting
the rolls by 20 mm after rolling one coil.

The second goal 1s achieved by employing mill rolls with
non-cylindrical profiles. The axial shifting of the top and bottom
rolls can be either 1n the same or in opposite directions, in other

words the rolls can be shifted toward each other or away from each

other.

15
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The work rolls that are used for bi-directional shifting,
as 1n FIGS. 2-5, usually have the profiles that are described by
one of the polynomial functions listed above (FIG. la-g). The main
problem of this system 1s that 1t requires shifting of both work
rolls. Another problem 1s due to the fact that the pattern of work
roll shifting for achieving optimum strip profile does not coincide
with the roll shifting pattern reguired for optimum reduction of
local roll wear. Therefore, the bi-directional shifting can
accomplish only one function at a time.

In the known system, as shown in FIG. 2, the wvariable
strip profile 1s achieved by employing IVC backup rolls. The work
rolls, however, have different profiles. One side of the work roll
1s non-cylindrical, either expanding or contracting, while the
other side 1s cylindrical. Unidirectional shifting of both work
rolls with respect to the backup rolls (FIGS. 3-5) produces a
variable strip profile. The unidirectional shifting permits the
use of a simplified roll shifting mechanism i1n comparison with bi-
directional shifting. However, 1t does not alleviate the problem
with local roll wear on the work rolls.

The present invention can create a variable strip profile
and simultaneously during the operation, reduce local roll wear.
The apparatus of the present invention (FIG. 6), for correcting
strip profile and reducing local roll wear, has a cylindrical work
roll 44 and an IVC work roll 46. The apparatus also has an upper
IVC backup roll 48 and a lower IVC backup roll 50. The apparatus
can have more than one upper or lower backup roll. The apparatus
also has a housing (not shown) for mounting the rolls and a means
for shifting at least the upper IVC work roll 46. For each IVC

roll, at a distance X from the center of the roll, indicated by the

16




10

20

VDAY ¥l e -t

CA 02308272 2000-05-05

center‘line, the vertical deviation from the center where X=0 1s
equal to Y on both the left and right sides of the IVC roll.

The operation of the mill stand of FIG. 6 1s shown 1in
FIGS. 7-9. In FIG. 7, cylindrical work roll 44 and IVC work roll
46 are positioned to produce a generally flat strip profile 52, as
in FIG. 7a, from a metal strip 45. In FIG. 8, IVC work roll 46 1is
shifted to produce a convex strip profile 54, as in FIG. 8a and 1n
FIG. 9, IVC work roll 46 1s shifted to produce a concave strip
profile 56, as in FIG. %a. In the present i1nvention as shown 1n
FIGS. 6-9, both upper IVC backup roll 48 and lower IVC backup roll
50 and, IVC work roll 46 have an IVC profile, while cylindrical
work roll 44 i1is entirely cylindrical. This allows the obtaining of
a variable strip profile by shifting only IVC work roll 46. The
cylindrical work roll 46 can be shifted by utilizing a different
shifting pattern to reduce local roll wear. In FIGS. 7-9 the IVC
rolls are directioned opposite each other.

FIG. 10 is a schematic cross-sectional illustration of
the 4-hi IVC mill stand of the present invention showing the roll
shifting stroke "s." The 4-hi mill stand of FIG. 10 1s the same
mill stand as illustrated in FIGS. 6-9, with an upper work roll
shift actuator 58 and a lower work roll shift actuator 60
1llustrated. Shift actuators 58 and 60 are a means to axially
shift the upper work roll 46 and the lower work roll 44,
respectively. The other figure numbers correspond to like parts 1n
FIGS. 6-9. When the IVC work roll 46 1s shifted a distance "gs" a
space 1s created between metal strip 45 and IVC work roll 46. The
space, called the roll gap, varies 1n thickness along the length of
metal strip 45. The following parameters are 1llustrated in FIG.

10: 0o, = change of the roll gap at the left roll edge; 0, = change
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of the roll gap at the right roll edge; and 0, = change of the roll

"gap at the middle of the roll.

Table 1 shows the main parameters of the roll gap

illustrated in FIG. 10 and their relationship to each other.

TABLE 1

Parameter | Work roll shifting

Change of the roll gap at

the left roll edge 8y--2bs(2z - )

Change of roll gap at the
right roll edge

Change of the roll gap in
the middle of the roll

Difference between the

roll gaps at the left and
right sides

Equivalent work roll
crown

Symbols of Table 1

5§, = 2bs(2x - s)

from left to right from right to left

5, = 2bs(2x + $)

¢c. = 2bs(2x - s)

6, = change of the roll gap at the left roll edge

0, = change of the roll gap at the right roll edge

6, = change of the roll gap at the middle of the roll

01, = 04 -0, difference between the roll gaps at the left and
right roll edges

c. = equivalent work roll crown

s = work roll shifting stroke

x = one half of the roll effective barrel length

v = change of the roll profile

b = polynomial coefficient for the roll profile

As seen from Table 1, during shifting the roll gap in the

middle of IVC work roll 46 changes by the amount of o_.

Also, the

roll gap becomes slightly asymmetrical due to the differential roll

18
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gap 612‘. The change in 6, over the length of the roll shifting
stroke s 1s shown graphically in FIG. 11, for a maximum strip width
of 1730mm and b=0.000001055. The change in 0, is represented by a
smooth 1nversely symmetrical curve from about 0.05mm to about
-0.05mm for a shifting stroke from -150mm to 150mm, respectively.
The change in the differential roll gap, 90,,, over the length of the
roll shifting stroke s 1s shown graphically in FIG. 12, for a
maximum strip width of 1730mm and b=0.000001055. 1In comparison,
the equivalent work roll crown c  over the length of the roll
shifting stroke, s, 1s shown graphically in FIG. 13, for a maximum
strip width of 1730mm and b=0.000001055. The equivalent work roll
crown c¢_ refers to the shape of the work roll crown necessary to
produce the equivalent strip profile with out roll shifting.

For the apparatus and method of the present invention to
produce commercial quality metal strip, the wvariable roll gap
between metal strip 45 and IVC work roll 46 must be corrected. The
apparatus and controls system used for correcting the gaps 1is
i1llustrated 1in FIG. 14, which 1s a schematic cross-sectional
1llustration of a simplified IVC mill <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>