Abridged version

KAWASAKI STEEL TECHNICAL REPORT
No.19 ( November 1988 )
Steel Pipe

Analysis of Sheet Metal Bending Deformation Behavior in
Processing Lines and Its Effectiveness

Takaaki Hira, Hideo Abe, Susumu Azuma

Synopsis :

To meet customers' demand, precise flatness control has recently been required not only
for strip rolling but also for strip processing lines, namely, tension leveling, coating,
galvanizing, etc. Strip deformation caused by repeated bending with stretching in the
processing line is analysed on the basis of incremental-strain theory for the purposes of
designing plant specifications and optimization of operation. The developed calculation
program can be widely used for analyses as follows; (1) Calculation of curling and
residual stress of strip in longitudinal and width directions after tension leveling, (2)
correcting-behavior analysis of edge and center waves of strip during tension leveling,
and (3) calculation of strip gutters in the continuous color paint coating line. Calculated
results give us a great deal of useful information for preventing curling, improving

steepness and reducing residual stress of strip.

(c)JFE Steel Corporation, 2003

The body can be viewed from the next page.




KAWASAKI STEEL TECHNICAL REPORT No. 19 November 1988

Analysis of Sheet Metal Bending Deformation Behavior
in Processing Lines and Its Effectiveness”

Susumu Azuma
Staff Assistant
Manager, Coated

AL
Hideo Abe
Chief of Sheet Labs.,
Light Flat-Rolled

Takaaki Hira.
Senior Researcher,
Rolling & Mechanical

Working Lab., Products Research Products Control
Process Research Dept., I & 8 Sec., Technical
Dept,, [ & S Research Labs. Control Dept.,
Research Labs. Chiba Works

1 Introduction

Cold-rolled steel sheets are manufactured from hot-
rolled steel sheets through many processes such as
pickling, cold rolling, annealing, temper rolling, galvaniz-
ing, and coating. Flatness requirements for cold-rolied
steel sheets have recently become increasingly severe.
This is because the applications such as electric home
appliances, sidings, kitchen utensils, and furniture
require only a slight degree of deformation process such
as local bending of steel sheets, with the result that
even after the forming the shape of the material tends
to remain practically as-received. To meet these severe
flatness requirements, flatness control techniques of the
highest levels are put into action in cold rolling and
temper rolling, but furthermore the combined use of a
tension leveler has become general practice.

In tension leveling, repeated bending deformation is
given to the steel sheet while applying tension so as to
eliminate differences in the transverse length of the
steel sheet (local elongation). However, tension leveling
sometimes causes flatness defect such as curling to the
steel sheets if used improperly.

In each of the above-mentioned processes, the steel
sheet is subjected to repeated bending deformation by a
larger number of rolls, including leveler rolls. This

* QOriginally published in Kawasaki Steel Giho, 20(1988)1,
pp. 7-13
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Synopsis:

To meet customers’ demand, precise flatness control has
recently been required not only for strip rofling but also
Jor strip processing lines, namely, tension leveling, coating,
galvanizing, etc. Strip deformation caused by repeated
bending with stretching in the processing line is analysed
on the basis of incremental-strain theory for the purposes
of designing plant specifications and optimization of
operation,

The developed calculation program can be widely used
Jor analyses as follows: (1) Calculation of curling and
residual stresses of strip in longitudinal and width direc-
tions after tension leveling, (2) correcting-behavior analysis
of edge and center waves of strip during tension leveling,
and (3) calculation of strip gutters in the continuous color
paint coating line.

Calculated results give us a great deal of useful infor-
mation for preventing curling, improving steepness and
reducing residual stress of strip.

deformation causes residual stresses and curling, leading
sometimes o operation troubles in the succeeding pro-
cesses and to flatness degradation due to local elonga-
tion.

This report introduces theoretical analysis of deforma-
tion behavior under repeated bending in strip process-
ing lines, and some examples of its application to the
correction of curling and local elongation problems.

2 Theoretical Analysis

Symbols used for the analysis are described below
gy, Oy, 022 Stresses in the longitudinal, transverse
and thickness directions of the strip,
tespectively (kgf/mm?)
&: Equivalent stress (kgf/mm?)
gy, gy Deviator stresses in the longitudinal
and transverse directions, respectively
(kgf/mm?)
do,, do,: Stress increments in the longitudinal
and transverse directions, respectively
(kef/mm?)
dey, dey: Strain increments in the longitudinal



and transverse directions, respectively
deyp, Ay, dey: Plastic strain increments in the longitu-
dinal, transverse and thickness direc-
tions, respectively
de,: Equivalent plastic strain increment

M,, M,: Bending moments for unit width in
the longitudinal and transverse direc-
tions, respectively (kegf- mm/mm)

Ky, Ky Curvatures in the longitudinal and
transverse directions, respectively (1/
mmy)

K. Value of K under the assumed condi-
tion of K, =0 (1/mm)
¢ Strip thickness (mm)
n: Position in the thickness direction from
the center of the strip thickness (mm)
Dg: Roll diameter (mm)
&. Apparent contact angle of the strip
with the roll (rad)
p. Curvature radius of the strip (mm)
O Intermesh of the roll (mm)
&, Longitudinal strain in the middle of
the strip thickness
E: Young’s modulus (kgf/mm?)
v: Poisson’s ratio
b = EA{1201 — v} (kef - mm)
o Yield stress (kgf- mm?)
1- Mean stress on the strip (kgffmm?)
H: Work hardening coefficient (kgf/mm?)
A: Strip steepness
L: Length of an element {mm)
L
W

Q

: Standard length of elements {(mm)
: Parameter for allotting ¢ to elements
in the transverse direction (kgf/mm?)
Suffix i: Roll number
Suffix j: Element number
direction
Suffix m: Number of elements in the transverse
direction
Assumptions for the analysis are as follows:

(1) Plain strain de, = 0 (Transverse strain is neglected
because the strip width is sufficiently large com-
pared to the strip thickness.)

(2) Plane stress ¢, = 0 (Stress in thickness direction is
neglected because the strip thickness is small com-
pared to the bending radius.)

(3) Shear strain and shear stress are neglected.

(4) The longitudinal unit tension ¢ is constant during
bending.

{5) The Bauschinger effect is neglected.

in the transverse

2.1 Relationship between Stress and Strain under Load

From the assumptions (2) and (3) and Mises’ yield
criterion, the equivalent stress 7 is given by

The equivalent plastic strain increment d&, is

expressed by the following equation:

de, = V%(a"gip + dejy + dsgp) """""" (2)

It is assumed that the relationship between stress and
strain is governed by Hooke’s law on elastic deforma-
tion and by prandil-Reuss’ equation on elastic and plas-
tic deformation. Then, the following expressions are
obtained from the assumptions (2) and (3)":

For clastic deformation,

doy E 1 v de,

} L—viv 1]lde,
For elastic and plastic deformation,
dcrx} E [1 v]ide,

1—vv 1flde,

51 5.5, |de.
_L[ ! ‘22 | E} .......... (@)
S 81S2 S] df,‘y

If Eq. (2) is similarly described, then the following
equation is obtained:

de, = ii(Sldax + Sade) e (5)
3 s

S, §; and §; are expressed as follows using the deviator
stresses &, and g,

S = %—m + Sa; + 510,

S, =

- 1R(vu‘,{ + gy)

Therefore, if stress condition and strain increment
de, are known at a given time, the incremental stresses
do, and do, can be calculated.

2.2 Identification of Elastic and Plastic Boundary
and Method of Calculating Reverse-Direction
Stresses

The yield surface for the stresses ¢, and o, expressed
by Eq. (1) is shown as Fig. 1. Stresses in the elastic
region are calculated by using Eq. (3) within the yield
surface and those in the plastic region are calculated by
Eq. (4) outside the yield surface. When the strain incre-
ment do, is given in the initial state of 5, = ¢, =0,
the stress increment do, and do, are calculated by Eq.
(3) and added to o, and ¢, in the initial state respec-
tively, then equivalent stress & is calculated by Eq. (1).
If & < 0., then stress is present at point @ in Fig. 1.
When the strain increment da*m is further given, the
values da, and dg, calculated by Eq. (3) are added to

55 .



Fig. 1 Yield locus used for the analysis and variation

of stress staie

the values of ¢, and o, at point @ in Fig. 1 and then
new values ¢,, o, and & are obtained. If the new value
of & is larger than yield stress ¢,, which means that the
plastic deformation occurred, the stresses oy, ¢, and @
should be calculated again as follows,

The intersection @ of the stress vector O and the
yield surface gives proportional allotment of de, ., to
the elastic component dsx o and plastic component
dex , by the following equanon:

w_l1;ere, I;; and [, are the lengths of the vector ®® and
@® in Fig. 1, respectively.

The coordinates of intersection @ gives stress oy, o,
for the strain increment de; . The da, and da, in the
plastic region are obtained by substituting dax . into
Eq. (4). Adding of do, and da, to g, and ay, at the
point & respectively, gives the stresses o, and g, for the
total strain increment do‘x o with the result that the
point @ is obtained. The new yield surface is indicated
by a broken line with point @ as the new boundary be-
tween the elastic and plastic regions.

When a strain increment in the opposite direction is
generated, calculations in the elastic region are first
made by Eq. (3) (®-® in Fig. 1) and they are con-
tinued by a similar judgment on the elastic and plastic
regions.

2.3 Method of Calculating Curling after Unloading

When the through-thickness distributions of stresses
gy and g, are calculated as above, the bending moments
in the x and y directions M, and M, are expressed by
the following equations, respectively:

]2

M, =§if;0'x’?d’7: M, =S—:j2
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Unloading means that the integrated longitudinal
stress through thickness o1 and the bending moments
M, and M, are reduced to zero. The ¢, and g, at
or =0 are first calculated by varying the de, in the
middle of the strip thickness so as to meet the following
equation:

1j2
ar =§ oxdry =
—1f2

Subsequently, calculations are made to reduce the
moments to zero. When the curvature of the strip is
zero under loading of bending moments M, and M,,
the curvatures after unloading, K, and X, are given by
the following equations;

M, —vM, e _ M, —vM,
Dl =) T D(l— )

When the strip is between looper rolls, the longitudi-
nal (x-direction) curling is apparently corrected to nearly

zero. The transverse (y-direction) curvature K y in this
state is obtained by Eq. (12).

K/ =K, + vK,

K,=22" "3 g 7 e (1D

Where K, and K, are curvatures by Eq. (11} in a condi-
tion in which longitudinal tension exists.

2.4 Method of Calculating Bending Strain

When a strip with a thickness ¢ is bent to a curvature
of inner surface p with the longitudinal strain in the
middle of thickness &, the longitudinal strain &, at the
position # in thickness direction is given by the follow-
ing equation:

When the contact between the strip and a roll of
large diameter Dy such as a bridle roll or a looper roll is
sufficient, curvature radius of strip being bent, p, is
equal to the roll radius Dg/2. It the case of small diam-
eter roll such as tension leveler the contact angle is
acute, and curvature radius of strip, p, is larger than the
roll radius p > Dg/2. It is assumed that the following
equation proposed by Misaka® holds:

_ a;) o (14)

Where a,, @, and a; are constants and # denotes the
contact angle between the strip and a roll, which is
determined by a geometrical relation.

2.5 Method of Calculating Process of Flantness
Correction

2a, i

1
=—Dp+ ta; x —F—x —
g 2 F l 20+ 67 0%

When the length of the strip elements, L, in the lon-
gitudinal direction varies in the transverse direction, the
excessive part buckles under compressive internal stress,
resulting in local elongation.
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The main function of a tension leveler is to eliminate
this local clongation. In general, local clongation is eval-
uated by the steepness A given by the following equa-
tion:

A= o (13)

Where [ denotes the standard element length in the
longitudinal direction, and 4L an element length differ-
ence AL = |L — I:|. Wavy edges are formed when the
L at strip edges is long, while center buckles are formed
when the L at the center of the strip is long.

There are a few reports on the analysis of the process
of flatness correction by a tension leveler’™. However,
all of them are based on the theoretical solution of the
elongation caused by the stretching and bending by a
single roll®. In this method, the simple bending theory
is applied to a completely plastic rigid material without
work hardening, and the strain increment due to elon-
gation, de, can be very simply found as shown by the
following equation:

t Gt

p+ (12)1 . o, (16)

In this paper, elastic-plastic deformation analysis is
done in consideration of transverse stress and work
hardening of material,

The strip before leveling is first virtually divided into
longitudinal elements (f =1 to m) in the transverse
direction and the initial element length (Ly, to Lg,,) is
given to each element so as to correspond to the initial
steepness Ay. The average tensile stress o1 through the
strip width is also given, A short element is subjected to
a tensile stress larger than o1 and the tensile stress
should be smaller than ¢ for a longer element. It is
assumed that the tensile stress of each element, o, is
given by the parameter g, which is allotted to each ele-
ment depending on the length of a element as follows.

UTJ=JT+(1_£LL)W ............... (17)

> L

k=1

In the above equation, the sum of the second term of
the right side through strip width is zero and the condi-
tion that the whole tensile stress is equal to the given
tensile stress is satisfied. The dimension of y is the
same as that of Young’s modulus. ; denotes the length
of the element j on the entry side of the i-th roll. If a
high value of y is taken, the value of g for a shorter
element becomes higher and the correction of flatness
proceeds rapidly.

The length of the shorter element as a calculated
value for large w may sometimes become larger than
the longer element at initial state after the strip passes
the roll. In fact, a long element at the entry side of the
i-th roll appears as a wave. Therefore, it is considered

No. 19 November 1988

that part of the tensile stress is allotted to a long ele-
ment after a short element has been stretched to the
length of the long element and then a long element is
elongated in the same manner as the initial short ele-
ment. The reversal of the lengths of the initial longer
and shorter elements should not occur. On the other
hand, steepness is not improved if w is small, for
example, w = 0. This is because in this case uniform o
is allotted to each element regardless of a difference in
the element length. Furthermore, there might be a case
where compressive stress o1 < 0 is generated in a long
element as a calculated value even in a range of
without the reversal of the element length. In this case,
a buckled wave will occur in this element. It should not
be considered that ar, in an correspondingly short ele-
ment increases to a level in equilibrium with the com-
pressive stress. Therefore, each element should satisfy
the following equation:

O—Tj > D o e e (18)

Based on the consideration mentioned above, calcula-
tions were made on the assumption that Eq. (18) is
satisfied for each roll and that as high a value of y as
possible within the limits without the reversal of the
element length is close to a correct solution,

A flow chart of simulation program for the deforma-
tion under repeated bending using the above-mentioned
analysis method is shown in Fig. 2.

3 Calculated Results and Examples of Application

3.1 Analysis of Strip Curling by Tension Leveler and
Resulis of Experiment

An experiment and calculations were made using a
tension leveler in the roll arrangement shown in Fig. 3
under the conditions given in Tabte 1. Results are de-
scribed in the following. The intermesh ), of the No.
2 and No. 4 rolls shown in Fig. 3 is adjusted. d,y is
defined by the difference in the roll surface level with
respect to the preceding and succeeding rolls, Therefore,
bending is given to an extent corresponding to the strip
thickness even if dpy = 0.

The elongation shown in Table 1 is, in effect, adjust-
ed by bridle rolls. In calculation, however, elongation is
found by giving tension, Therefore, calculations were
made, so as to get agreement with a initial given elonga-
tion value and a calculated one from assumed tension,
by forming a calculation loop outside the loop of each
roll that is the largest calculation loop in the flow chart
shown in Fig. 2.

The effect of dpy on strip curl in longitudinal direc-
tion is shown in Fig. 4. The curvature X, was used as
the amount of strip curl, Values of K, were measured
for strips which were bent and unbent repeatedly by
tens of rolls after the tension leveling, and were then
cut. Both experimental and calculated values of K, tend
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Loop of each roll

[ Data input

Assumption of ¢ in Eq. (17) |

[_Calculation of tension distribution ar, by Eq. {i7) |

< an <0

? 3YE|Decrement om——

1
Calculation of bending radius s by Eq. (14) ]

Loop of bending increment

Loop of element in width direction

Loop of I Assumption of strain at thickness center £c |

element in thickness directionf«
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Calculation of longitudinal strain ex by Eq. (T9)
and stresses o.. oy by Eq. (1)~ (8)

< Coincidence of longitudinal tension 7
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End

Fig. 2 Flow chart of simulation program for repeated bending analysis
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Fig. 3 Layout of tension-leveler rolls used for analy-
sis and experiment

to increase with increasing dyy of the No. 2 and No. 4
rolls and decrease with decreasing &, of the No. 4 roll.
The calculation case No. 1 shown in the figure indicates
value of K just after the leveler; higher K, values than
experimental values are shown. The distance from the
No. 5 roll to the next roll in Fig. 3 is long for reasons of
leveler arrangement, Therefore, it is considered that the
actual contact angle @ is smaller than the geometrical
contact angle & when the strip leaves the No. 5 roll
horizontally, and we made the calculation of case No. 2
by reducing the # of the No. 5 roll to half. Calculated
value in the case No. 2 are closer to measured values
than those of case No. 1. The calculation case No. 3
indicates ‘results of calculation in which the bending
process by the many deflector rolls of process line after
the leveler was taken into consideration in addition to
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Table 1 Mechanical properties of strip and leveling
conditions used for calculation and experi-
ment

Mechanical properties of strip
Thickness ¢ 0.68 mm
Young's modulus E 21000 kgf/mm?
Poisson's ratio v 0.3
Yield strength o, 20 kgf/mm?
Coeflicient of work hardening H 50 kgffmm?
Leveling conditions
Intermesh of roll 3, 0~12 mm
Strip elongation 0.59%
No. of bending increment 50
No. of virtua! divided strip element in 19
thickness direction
No. of virtual divided strip element in 1
width direction m

the conditions used for the calculation case No. 2. Cal-
culated values of the case No. 3 are much closer to the
experimental ones. When the bending curvature p is
estimated by Eq. (14), calculated values of curling tend
1o agree with measured values. To improve the accuracy,
it is necessary to use Eq. (14) after revision as shown in
the example of calculation case No. 2. However, an
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Curvature of strip curl, K (x107% mm™)

L

#2135 7]9|12{12]12112]12

#4135y 7)1¢8|1219|6|3([0D
" Intermesh of #2, #4 rolls, &1y {mm)

Fig. 4 Influence of roll intermesh on strip curl

analysis for determining p more precisely remains as a
problem to be solved.

The transverse strip curling (so called strip gutter)
during threading is described in the following. Experi-
mental values of strip gutter X,/ were measured during
the threading at an inspection position after the strip
passed the leveler and many processing rolls, under the
condition that the longitudinal strip curvature is zero,
K, =0. The effect of the v of No. 4 roll on K, are
shown in Fig. 5 using experimental and calculated
values. The strip gutter decreases with increasing &y in
the range of dpy = 0 to 9 mm, The sign of the gutter
becomes reverse when dpy = 9 mm and then the strip
gutter increase with increasing &,y. Experimental and
calculated values show the same tendency and results of
the calculation case No. 2 with corrected # are in good
agreement quantitatively with the experimental values.

An example of calculation is described below for a case

(a) After #5 roll

(b} After #7 roll

o

16 ’

7

- ’
= /
£ /
E 12} .
- '
L %
= s No.l
X /
= 8- o
E ’
. 7
5 ’
5 . 7 LaNo.2
= L
=) 7
2 Y, ’/ .
= 4 3/
# ok / / Experimental
= ’ value
w Cakulated/
3 value
o
E]
&

—8 L 'y

9 12

Intermesh of #4 roll, &y {mm)

Fig. 3 Influence of intermesh on strip gutter during

threading (Intermesh of #2 roll is 12 mm)

or=23.7 kgf/mm?——+e——gy =0
]
]
#1 #3. H5 . #7 ! #9_ BN
(3 SR I GINEG &
Sm=12 3 : 6 3 0
Same to Fig. 3—=—Roll dia. ¢ 55, pitch 55 mm

Fig. 6 Roll layout of leveler used for calculation of
residual stress

where leveler rolls are added following the tension lev-
eler shown in Fig. 3. v and the roll arrangement are
shown in Fig. 6. Other conditions are the same as given
in Table 1. However, o = 3.7 kgffmm? for the No. 1 to
No. 7 rolls, and a1 = 0 kgf/mm? for the No. 9 to No.
13 rofls, assuming a roller leveler. Fig. 7 (a) and (b)
show the through-thickness distribution of residual

(c) After #13 roll

o5F T T . T T [ T T T T i T T N T T
, N D
o D {
£ <
E®  O0FrK.=23x167? F KL =0.77% 107 u >
<& K.=-70%107" K= —0.36%107
Zé ,,3 K,=03x10"
g g K.=061x107 >

—_ L L I

0.5 L n L 1 C L 1 1 1 L 1 L 1l

=20 —10 0 10 20

-20 =10

0 10 20 =20 -1 ¢ 10 20 3¢

Residual longitudinal stress, o« {kgf mm?)

Fig. 7 Effect of number of roll on curl gutter and residual stress of strip
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482

H=k
©

Fig. 8 Continuous color paint coating line use for calculation of strip gutter (2~® indicate measured

points of strip gutter)

stress after unloading and the curvatures K, and K, of
strip curling after the strip passed through the No. 5 roil
and No. 7 roll, respectively. When attention is paid to
K, and K,, it is found that both X, and K, have lower
absolute values in (b) than in (a). In other words, it is
possible to reduce both longitudinal and transverse curl-
ing by increasing the number of rolls.

Residual stresses are high in both (a) and (b) and
especially high tensile stresses remain in the middle of
the strip thickness, Even if the strip appears flat, it is
feared that large curling are formed when the surface
layer is removed by chemical etching, etc. Although
these residual stresses can be relieved by heat treatment,
they can be reduced by a roller leveler to some degree.
Fig. 7 {c) shows the residual stress distribution after the
strip passed through the No. 13 roll of the roller leveler.
The high residual stresses observed near the center of
the strip thickness after tension leveling disappeared and
it is found that the residual distribution is relatively uni-
form. Even a roller leveler with only six rolls is thus
effective in reducing residual stresses as shown in
Fig. 7 (c).

3.2 Analysis of Strip Gutter in Continuous Processing
Line

Strip gutters often pose & problem in operation where
the strip travels while it is progressively subjected to
bending. For example, threading troubles, surface
defects, transverse nonuniformity in the coating thick-
ness, etc., occur when strip gutters”® occur during bak-
ing in a continuous color paint coating line or when
they occur in a continuous galvanizing line, An example
of application of the present analysis to the continuous
color paint coating line shown in Fig. 8 is described in
the following: As shown in Fig. 8, a pretreated strip is
coated by the No. 1 and No. 2 coaters and is baked in
the respective ovens. On that occasion, product surface
defects are formed due to rubbing of strip with the
oven hearth and wall when strip gutters are large.
Therefore, rolls were arranged before the No. 1 coater as
shown in Fig. 9 and an investigation was made into the
effect of the intermesh &1y of roll A on strip gutters.
Gutters of a strip being threaded were measured in the
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No.1 oven

=y

&

Fig. 9 Coating roll arrangement with pre-bending
rolls for control of strip gutter

Calculated
Y value

e

Measured peints in Fig.8

I
fez=my

Curvature of strip gutter, K;' (107! 1/mm)

Fig. 10 Comparison between calculated and experi-
mental values concerning strip gutter during
threading through color paint coating line

five places to & in Fig. 8 and experimental values
were compared with calculated values. Results of this
comparison are shown in Fig. 10. The tendency of cal-
culated values is in good agreement with that of experi-
mental values at each measuring place. Furthermore, a
decrease in strip gutter with increasing intermesh of roll
A shown in Fig. 9 was simulated relatively well.

3.3 Calculation of Flatness Correction
An investigation was made into the effect of the

KAWASAKI STEEL TECHNICAL REPORT



Initial element length (mm}

Strip width
i=1 2 3 4 5 ; do 2% 1%
L5 1501.48 | 1505.92
.'c..‘ 2,3.4 1500 1500
&
&
= Strip size:0.6 mm ¢ %1219 mm K~
g 6. =20 kgf/mm?®
5 H =50 kgf/mm?

Fig. 11 Virtual divided elements model of strip with
edge wave used for calculation of strip steep-

- eSS
1.0
{Ao=2%>
e of #2 roll:9mm
0.5F
g
E
S
3
_0'5 1 L I 1
2.0 2.5 a0 35 4.0

@ (X 10° kgf/mm?)

Fig. 12 Influence of parameter i on difference of
strip length, L, — L;, in the width direction
after threading the first roll

intermesh and initial strip flatness on the flatness cor-
rection in the tension leveler of the roll arrangement
shown in Fig, 3 using the calculation method shown in
Fig. 2. The strip width was virtually divided into five
elements with the same width as shown in Fig. 11. In
consideration of wavy edges, the length of elements on
both sides (j = 1 and 3) is given larger than the other
elements. The size and characteristics of the strip used
are also shown in Fig. 11.

The effect of the parameter governing the tensile
stress allotment, w, on the difference in element length
L, — L, on the delivery side of the No. 1 roll is shown
in Fig. 12 for a case where a strip with an initial steep-
ness 1y of 2% was bent in the condition of d;py = 9 mm
for No. 2 roll. At y > 3100 kgf/mm?, L, — L, is nega-
tive; this means the occurrence of reversal of the ele-
ment length, When y is small, the effect of steepness
correction is small. In calculation, all the element
lengths are considered to be equal when it is satisfied
that L; — L; £ 0.001 mm (4 = 0.05%) and o1 >0 for
any element, and the calculation for the next roll is
then made. In this case, the value p =31504 is
obtained after the No. 1 roll. When compressive stresses
are generated, the value of i that satisfies compressive
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Fig. 13 Variation of longitudinal stress during ten-
sion leveling for correcting the strip steep-
ness

stress = {0 for an element in having the highest com-
pressive stress is regarded as the maximum w and the
calculation for the next roll is then made. In this case,
the lengths of elements are scarcely equal to each other
although the flatness is improved. The convergence cal-
culation of y that satisfies one of the above-mentioned
conditions is made in each roll. Changes in the tensile
stress in each element and the difference in the element
length L; — L, after each roll are shown in Fig. 13.
When 1, is 2%, tensile stresses are generated also in
long elements (j = 1 and 5) after the No. 1 roll and the
element length difference is within the set error
(Ly — L3 < 0.001 mm). This shows that the element
lengths are equal to each other after the No. | roll. The
difference in tensile stress decreases gradually as the roll
number increases and it is observed that all the ele-
ments are in a similar deformation state. When
Ao = 4%, the element lengths are not equal to each
other just after the No. 2 roll. The equality of element
length requires that compressive force be generated in
the long elements (j =1 and 5). This, however, does
not satisfy Eq. (18). Therefore, the tensile stresses are
allotted to the three elements (j = 2, 3 and 4) before
the No. 2 roll and the tensile stress for the elements
( = 1 and 5) is zero. Tensile stresses are aflotted also to
the elements (j = | and 5} while the strip is passing the
No. 3 roll and all the elements obtain the same length.
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Fig. 14 Effect of roll intermesh on strip steepness
after tension leveling

The effect of o on flatness correction of strip hav-
ing initial steepness 4, is shown in Fig. 14. The 1 values
are those after the strip passed through the No. 5 roll
and was unloaded. A decreases with increasing &iy. This
shows that in this case, products with 1 < 0.1% can be
obtained when 4y of 9 mm or more is given for the
No. 2 and No. 4 rolls.

4 Conclusions

A method using plastic dynamics for analyzing the
deformation behavior of a strip subjected to repeated
bending was described together with the details of the
simulation program of the analysis.

This analysis method was used in calculations for pre-
dicting the curls and gutters of strip after tension
leveling and strip gutters during passing through a con-
tinuous color paint coating line, and the predicted
values were compared with actual values. The two are
in relatively good agreement. It was found, however,
that additional accuracy improvement requires a
modified conventional equation for bending curvature
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estimation. The authors demonstrated, with some
examples, that a calculation for flatness correction is
possible by a method in which elements are divided in
longitudinal direction, and a given mean tension is dis-
tributed into each element. As a result, it was found
that the larger the intermesh of rolls and the smaller
the initial steepness, the easier the flatness correction,
and the simulation of the steepness improvement condi-
tion of strip when passing each roll. In addition, the dis-
tribution of residual stresses was also discussed and it
was found that the high residual stress that remains in
the middle of the strip thickness after the tension
leveler can be reduced by a roller leveler positioned fol-
lowing the tension leveler.

This simulation program has for several years provid-
ed information useful in solving various problems in
production lines and is helping to examine the specifica-
tions of equipment to be adopted, equipment improve-
ments, optimization of operation conditions, and
production of strip with superior flatness.

The authors would like to thank Mr. Tamotsu
Kuniyasu, General Manager of Chiba Works of Kawa-
tetsu Galvanizing Co., Ltd. for his assistance in carrying
out these experiments.
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