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Abstract Turn down warping is a shape defect observed at
the front end of a plate during hot rolling. To produce a flat
plate without warping, a precise prediction of turn down
warping is essential to achieve optimal control. Therefore,
we propose a model based on a Gaussian function to predict
turn down warping. The model uses the results from numeri-
cal analyses of hot plate rolling. The finite element code
MARC was used for the numerical analysis. Hot plate rolling
processing parameters, such as roll diameter, plate dimension,
rolling speed, and pass line were all considered in the model.
To verify the accuracy of the prediction model, the numerical
results obtained by FEM were confirmed with data measured
during industrial hot plate rolling. For the actual measure-
ments of turn down warping, image processed high speed
camera data from the exit side of the rolling were used. The
results show that the proposed Gaussian function model can
successfully predict turn down warping of a plate’s front end
under various hot plate rolling conditions.
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Introduction

Turn down warping is a shape defect that occurs at the front
end of a plate during hot rolling. Asymmetrical conditions
during rolling can cause curvature and can lead to poor prod-
uct shape and reduced productivity [1, 2].

Rolling under asymmetrical conditions may cause rolled
plates to bend toward the direction of one of the rolls. Both
turn-up and turn-down can cause problems with production,
since damage to the rolls, the housing, and/or the run-out
tables can all result. Production delays can also occur, due to
stability issues when the plate is moved [3-8].

Figure 1 schematically shows the mechanism of turn down
warping. The front end bending in Fig. 1a is based on the
curvature 1/p; of the rolled stock. The curvature of rolled
stock shows the arc-of-a-circle-like bending. Figure 1b shows
down bending and bending deflection during rolling.
Figure 1c shows turn-down warping. In practice, the rolled
stock warpage can be observed by the changes in its bending
direction, as well as in its bending radius, (i.e. p;, p», p3, €tc.)
over various distances.

It is important to prevent turn down warping during plate
rolling. Once turn down warping happens, plate leveling is
required to flatten the warped shape. Figure 2 shows the
warped plate as it passes through pre-levelling, hot-levelling,
cold leveling, and press levelling.

In order to achieve better dimensional control, it is neces-
sary to achieve a greater understanding of the relationship
between process parameters and turn down warping.

Studies of rolling curvature have been conducted through
the use of experimental, analytical, and numerical techniques.
M. Philipp et al. [9] have investigated front end bending from
the viewpoints of speed mismatch and geometry. The bending
curvature was found to correlate with a shape factor and the
amount of reduction. Previous investigations [10—16] on turn
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Fig. 1 Undesirable down bending and turn down warping in hot rolling of plate: a Front end bending; b Down bending and bending deflection; ¢ Turn
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down warping concentrated on the effects of friction ratio,
speed ratio, shape ratio, and reduction based on speed mis-
match conditions. Unfortunately, the essential mechanisms
and the sensitivity of the influencing parameters on asymmet-
ric rolling are still not sufficiently understood. In many cases,
the application of a controlled asymmetric process for plate
rolling is advantageous to eliminate or minimize the effects of
various factors that can influence process stability and the
curvature of the front end of a rolled plate [17]. Severe plastic
deformation can originate from asymmetries due to differ-
ences in size, rotational speed, and frictional conditions be-
tween upper and lower rolls. Such deformation can be an
effective method for producing fine-grained materials
[18-22]. As the speeds of the upper and lower work rolls are
generally the same in production rolling, the prediction of turn
down warping for conditions of matching speeds must be
more intensively investigated.

The objectives of this paper are: 1) to predict turn down
warping during hot plate rolling; 2) to obtain quantitative re-
lationships between causes and effects of turn down warping;
and 3) to suggest potential means of controlling turn down
warping.

In the present investigation, a model based on a Gaussian
function using the results of numerical analyses is proposed to
predict turn down warping during hot plate rolling. A finite
element method (FEM) was used for numerical analysis. Hot
plate rolling process parameters, such as roll diameter, plate
dimension, rolling speed and pass line, have all been consid-
ered. In the current study, the primary concern is warpage that
occurs when roll speed match conditions are met. To verify the
accuracy of the prediction model, numerical results of turn
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down warping obtained by FEM were compared and con-
firmed with experimental data obtained from an operational
line. For the actual measurement of turn down warping, image
processing of high speed camera images taken on the exit side
of the hot plate rolling was performed.

Analysis method
On-line measurement of turn down warping

As shown in Fig. 2, a shape image pattern was obtained by a
high-speed camera at the second feed roll on the exit side. To
analyze the shape pattern of turn down warping, numerous
images were obtained during plate rolling. Image processing
based on color contrast was used to quantitatively analyze
these data. Figure 3 shows an example of the image pattern
of turn down warping that was photographed during plate
rolling.

Among the several shape patterns, the turn down warping
pattern shown in Fig. 4 was considered in the current study.

Image data were obtained at the second exit feed roll of the
finishing mill. From these images, the profile of turn down
warping was obtained for a given length. The second exit feed
roll of the finishing mill is used as a reference point for com-
parisons between measured and simulated warping.

Finite element simulation of turn down warping

Finite element simulations were performed to predict turn
down warping with a speed match condition, using the
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Fig. 3 Image pattern of turn down warping photographed during plate
rolling (Seven frames were recorded per second)

commercial finite element software MSC.Marc/Mentat.
Within the framework of this finite element model, the work
roll and feed rolls were regarded as ideally rigid bodies rotat-
ing with equal and constant circumferential velocities. The
plate was directed into the roll gap and the movement of the
incoming plate was constrained in the vertical direction. The
plate has an entry thickness of h; and is modeled as a deform-
able body with an elasto-plastic element type. For the sake of
simplicity, the three-dimensional deformation phenomena
(such as spreading of the processed material within the roll
gap) are neglected, and a four-node, isoparametric, arbitrary
quadrilateral written for plane strain applications has been
used. As this element uses bilinear interpolation functions,
the strains tend to be constant throughout the element. The
initial temperature of the plate is set between 800 and
1000 °C, and the heat flow between the plate and the work
rolls and the feed rolls was neglected. The flow curves used in
the analysis is shown in Fig. 5.

Figure 6 shows the mesh used in the plate for the FE anal-
ysis. Ten sections were symmetrically modeled in the thick-
ness direction, and the mesh heights at the contact surfaces of
the upper and lower rolls were set to A/2. For the plate travel
direction, the mesh width of the front part of plate was set to be
A; /2. The finer meshes enhance the stability of the simulation,
especially at the entry stage of the plate entering the roll bite.

Figure 7 shows the layout for the FE model showing the
plate, the work roll, and the feed roll, as well as other factors.
The pass lines for simulation model were set to be 15, 25, 35,
and 45 mm. The diameters of the upper work roll and the
lower work roll are the same. For simplicity of the analysis,
the upper and lower back-up rolls were not considered and the
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Fig. 5 High temperature flow curve of plate

tension at the front and back sides is ignored. As an external
force, gravitational force has been considered and the proc-
essed material is assumed to be incompressible. For the speed
match condition, the upper and lower work roll speeds are the
same and resultant friction coefficients are also the same. The
feed roll diameters at entry side and exit side are the same and
roll speeds at entry side and exit side are also the same. Table 1
summarizes the FE simulation conditions.

The pass line, d, is the height difference between the work
roll and feed roll. Mathematically,

(hi=h>)

d=
2

+0 (1)
where, h;: entry thickness, h,: exit thickness, 6: constant to
compensate work roll wear and thermal expansion. (Assumed
zero in this study.) Fig. 8 schematically shows three cases of
pass line.

The three cases shown in Fig. 8 assume a condition of
speed matching, where the speed of both the upper and lower
rolls is the same. Figure 8a shows the case where the pass line
is equal to zero. As the contact angle, &,pper, forms only at the
upper work roll, the upper side of the plate will be rolled and
bending down will occur. In the case of symmetrical rolling,
as shown in Fig. 8b, the same reduction at both sides of the
plate prevents both bending up and/or bending down. When
the contact angle, &ower, forms only at the lower work roll as
shown in Fig. 8c, the lower side of the plate will be rolled and
bending up will occur. As expected, the situations shown in
Fig. 8a and c are difficult to achieve in actual rolling, while the
symmetrical rolling shown in Fig. 8b is most common. In
symmetrical rolling, the pass line can cause turn down
warping, and will be discussed below.
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Results and discussion

Prediction model to predict turn down warping
considering pass line

Results of the FE simulations have been used to understand
which, among all of the rolling variables, are related to turn
down warping. From the simulation results, regression analy-
sis was performed to develop a model to predict turn down
warping under a condition of speed matching.

Table 1  Simulation conditions for finite element analysis

Condition Value

Plate material C-Mn steel

Plate temperature 800 ~1000 °C
Work roll diameter (dwr,, = dwrjoy) 1000 mm

Feed roll diameter (dftenyry = dffexit) 500 mm

Friction coefficient (uwry, = Uwrjo,) 0.3

Work roll speed (Vwry, = VWrjoy) 2,3,4 m/s

Entry thickness (h;) 33,45, 46, 58 mm
Reduction 20,27.5,35 %
Pass line 15, 25, 35, 45 mm
Gravity 9.8 m/sec’
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Figure 9 schematically shows three turn down warping
regions during rolling with a pass line for a condition of speed
matching. As a result, sub-models to predict the turn down
warping in each of the three regions, respectively, were ob-
tained through regression analysis.

Due to the pass line, the mid thickness points of p, at the
entry side, ps at the roll bite, and p, and p; at the exit side vary
continuously during rolling. These variations are the main
causes of the asymmetrical deformation along the plate length.
Even in the absence of asymmetries due to the differences in
size, rotational speed, and frictional conditions between upper
and lower rolls, turn down warping can occur in actual plate
rolling due to the pass line. As the shape of a typical warping
resembles the symmetric ‘bell curve’ shape, regression equa-
tions for A; A, Az along three different regions were represent-
ed by a Gaussian function with a symmetric peak. The general
equation for the Gaussian function used in the current study is

()

where, g,; is the intercept, a,; is the amplitude, by, is the center,
and c,; is the width (¢ > 0) of the function.

1

x—b i
)‘i =g\ + a\i€xp [_— A

2 Chi (2)
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Fig. 11 Comparison of measured and predicted turn down warping: a entry thickness 46 mm, reduction 10 %, rolling speed 2.3 m/s, pass line 20 mm; b
entry thickness 33 mm, reduction 10 %, rolling speed 4.2 m/s, pass line 20 mm

The values for the parameters ay;, by, Cij, and gy; were

obtained by the regressive equation:

ay = aog + athyr + ayvd + azvrd
byi = by + bihyr + byvd + byvrd
cy\i = Co + cihyr + cpvd + cyvrd
8 = & t&mr+ gvd + gyvrd

where, h; is the entry thickness, r is the reduction, v is the

rolling velocity, and d is the pass line.
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Figure 10a shows an example of the Gaussian curve fitting
for the condition of amplitude 95, center 5, and width 1.
Figure 10b shows an actual application of the Gaussian curve
fitting for turn down warping. The turn down warping A; was
determined from the respective profile of the regions Aj, A,,
and A;.

To check the feasibility of the proposed modeling method-
ology based on a Gaussian function, turn down image patterns
obtained from actual plate rolling data were compared.
Figure 11 compares the measured and the predicted turn down
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Fig. 12 Simulated results of turn down warping as a function of pass line: a effect of rolling speed, b effect of reduction
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Fig. 13 Comparison of simulated result with prediction model based on Gaussian function: a Case 1: entry thickness 58 mm, rolling speed 2 m/s,
reduction 27.5 % with a pass line of 15 and 35 mm; b Case 2: entry thickness 45 mm, rolling speed 3 m/s, reduction 20 % with a pass line of 15 and 35 mm

Table 2 Coefficients of prediction model based on Gaussian function

Case 1 Case 2

Pass line  R? Length a b c g Pass line  R? Length a b c g

15 mm 9% N\ —46.5 57.5 6394 7102 15 mm 9% A\ —69.2 82.4 755.7 1039.2
B % M 0.2 9.5 947.0 4125 9 % M 7.3 5.0 1046.5 2954
P % N 0.0 8.8 5544 1160.7 9% A 0.0 12.6 452.6 1345.2

35 mm 9% A\ -199.0 2376 529.0 888.6 35 mm 9% A\ -179.9 2168 7576 1147.4
B% A\ 19.7 14.2 9438 2849 V% A\ 273 8.4 1039.8  238.6
O % A —0.1 30.5 486.5  1806.5 9% As —0.1 353 383.8 1851.4

warpings at a speed match condition for two different sets of
process variables. In the case of Fig. 11a, the average devia-
tion and standard deviation are 4.3 and 0.6 mm, respectively,
and 1.2 and 0.14 mm for Fig. 11b. In both cases shown in
Fig. 11, the predicted patterns agree well with actual patterns,
even though the amounts of simulated turndown warping
were slightly larger than the actually measured patterns.

Prediction of turn down warping

By using the prediction model, the turn down warping for a
condition of speed matching was obtained under various process
conditions. Figure 12 shows variations of turn down warping
with the pass line. Turn down warping increases with increasing
pass line for a given process condition. Turn down warping

Table 3  Coefficients (ag-a3, bo-bs, co-c3, go-g3) for the regression equation

ap ay a a3 by b, by bs Co C1 C2 C3 go g1 22 25]
A 619 -1.76 -11.4 0.45 73.1 2.1 -13.6 0.51 971 -20.7 -19 0.43 1268 —-40 -12.3 0.7
A 2.8 —0.68 1.73 0.01 —5.7 0.78 034 0.01 1175 -141 -04 0.30 291 10.3 -7.8  0.67
A3 0.06 —0.0006 -0.0074 0.0029 -1.22 -0.31 1.87 0.01 385 13.6 —591 0.042 919 =75 49.7 1.61
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increases with decreasing rolling speed—but is not significantly
influenced by reduction. The amount of turn down warping for a
45 mm pass line is approximately 2.5 times larger than that of a
15 mm pass line. This result implies that the amount of turn
down warping can be decreased by a reduction in the pass line.
As shown in Fig. 7, symmetrical rolling is most common in
production, so an intentional reduction of pass lines may cause
other problems in the rolling operation. As the pass line is the
most influential factor on turn down warping, the precise pre-
diction of turn down warping with pass line is essential.

Figure 13 shows the agreement of the regression model
based on a Gaussian function with simulated results. As shown
in the figure, good agreement can be achieved by using the
Gaussian function base model. Table 2 summarizes the coeffi-
cients for the regression model shown in Eq. (2). These coeffi-
cients are obtained from the regression of FE results. For
Fig. 13a, the average and standard deviations for the 15 mm
pass line are 0.000032 and 0.13 mm respectively, and 0.000059
and 0.24 mm for the 35 mm pass line. In the case of Fig. 13b,
the average and standard deviations for the 15 mm pass line are
0.000043 and 0.18 mm respectively, and are 0.000062 and
0.34 mm for the 35 mm pass line. Table 3 shows the coeffi-
cients for the regression model shown in Eq. (3).

From the results shown in Fig. 12, turn down warping at a
speed match condition can be successfully predicted by a
model and the proposed methodology should be both feasible
and reliable for predicting turn down warping.

Conclusions

A prediction model based on a Gaussian function was inves-
tigated to estimate turn down warping, and the following con-
clusions were obtained.

1) Even in the absence of asymmetries due to the differences
in size, rotational speed, and frictional conditions between
the upper roll and the lower roll, turn down warping can
occur during actual plate rolling due to the pass line. The
amount of turn down warping increases with increases in
the pass line for a given rolling condition.

2) A model based on a Gaussian function is proposed to
predict turn down warping of the plate front end as a
function of plate thickness, reduction, rolling speed, and
pass line. Coefficients for the model equation obtained
from regression analysis of the FE simulation results are
reliable for predicting turn down warping.

3) The predicted turn down pattern based on a Gaussian
function agrees well with measured patterns for industrial
rolling. This agreement confirms that the proposed
modeling methodology based on a Gaussian function is
both feasible and reliable for predicting turn down
warping during hot plate rolling.
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