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Abstract

This paper presents an analytical model that predicts the surface profile of a workpiece in a round-to-2-R oval groove and a square
section-to-2—R oval groove rolling sequence. “2—R oval” indicates a profile of the roll groove that has two different radii of curvature.
Using low carbon steel (S10C) and stainless steel (STS304), we conduct a hot groove rolling experiment to verify the robustness of the
proposed model. Results show that the predicted surface profile and exit cross-sectional area are in good agreement with experimental
results. The second radius of curvature of the 2—R oval groove is important in reducing the exit cross-sectional area of the workpiece and
partly squeezing the workpiece outward (i.e., in the roll gap direction) when in contact with the workpiece. Therefore, the surface profile

of the workpiece in the 2-R oval groove is smaller than that of the 1-R oval groove.
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1. Introduction

In continuous hot rod (or bar) rolling, a billet is processed
into the desired shape with acceptable dimensional tolerances
as it passes through many stands. Here, “stand” denotes a unit
machine that has work rolls with a certain groove shape, such
as a box, oval, round, square, and diamond. To transform the
billet into the desired final section, a pair of grooves, such as
oval-to-square, oval-to-round (or vice versa), square-to-
diamond (or vice versa), and diamond-to-diamond is placed
repetitively in the rolling line; the magnitude of shapes dimin-
ishes with the size of the workpiece cross-section.

Among these groove shapes, the oval groove has various de-
rivatives because its shape depends considerably on the radius
of curvature. For example, the “2—R oval groove” indicates an
oval groove with two radii of curvature. 1-R and 3—-R oval
grooves denote oval grooves that have one and three radii of
curvature, respectively. The number of radii curvatures is de-
termined by roll pass designers and the characteristics of the
product. The wire rod mill in POSCO, in which carbon steels
are mainly produced, uses the 1-R oval groove. The rod and
bar mill in POSCO Specialty Steel, in which stainless and
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alloy steels are mainly produced, uses the 2—R oval groove.
The bar mill in SEAH Specialty Steel in Korea, in which high
alloy steels are generally manufactured, makes use of the 3-R
oval groove.

To reduce inhomogeneous metal flow at the corner of the
roll groove, decrease roll wear, and inhibit the generation of
crack-like defects on the workpiece surface, designers should
opt for the 1-R oval groove [1]. Using 2-R or 3-R oval
grooves is preferred when a temperature drop at the edge of
the workpiece cross-section must be minimized while the
workpiece transfers from one stand to the next. In addition,
2-R and 3-R oval grooves increase the reduction ratio in a
given pass (stand) because the spread of the workpiece inside
the groove is restricted by the second or third radius of curva-
ture.

Quickly calculating the surface profile of the outgoing
workpiece at each pass and computing the “mass balance”
between passes have always been challenging for roll pass
designers. This “mass balance” is expressed as the product of
the cross-sectional area of the outgoing workpiece and the roll
speed at each pass. Finite element analysis is a very effective
way to determine this, but this method consumes at least half
an hour for a single pass [2—6]. A rod (or bar) rolling mill has
a large number of passes (12 to 29 passes, for example); thus,
a non-iteration-based analytical model that can rapidly com-
pute the surface profile of an outgoing workpiece is highly
desired.
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Lee and Choi [7] proposed an analytical model for predict-
ing the surface profile of a workpiece in 1-R oval and round
groove rolling. The advantage of this model is that the surface
profile of the outgoing work piece at a pass is predicted using
the cross-sectional geometry of the incoming workpiece, the
geometry of the roll groove, and a weighting function that
satisfies the constraint conditions of the rolling process. Lee
[8] applied this model to the POSCO No. 3 Rod Mill, which
has a 1-R oval groove and round groove rolling sequence, and
demonstrated its usefulness.

In this study, the capability of the analytical model [7] is ex-
tended to predict the surface profile of the outgoing workpiece
when a 2—-R oval groove is employed. The design parameters
of the 2—R oval groove are first described, and then the equa-
tions that interrelate these design parameters are derived. We
then design a billet (square)-to-2—R oval groove and a round-
to-2—R oval groove (or vice versa) rolling sequence. We con-
duct a pilot rolling test and illustrate the value of the proposed
model by comparing measurement results to model predic-
tions.

2. Design parameters in 2—R oval groove

Fig. 1 shows the front view of the 1-R oval and 2—R oval
groove. Design parameters H and D indicate groove height
and groove depth, respectively. The center of the larger radius
of curvature, R, is positioned beyond the roll groove shape
but along the y-axis. The center of the smaller radius of curva-
ture, R,, may be located inside the roll groove shape but need
not be located along the x-axis. In Fig. 1(a), FW; represents
the face width (FW) of the 2—R oval groove. In Fig. 1(b), FW,
represents the distance between the points where a circle with
radius of curvature R;and a line that has an angle o with re-
spect to the y-axis meet [this point is not depicted explicitly in
Fig. 1(b)]. The H and D of the 1-R and 2-R oval grooves are
identical but their face widths are different. The 2-R oval
groove is viewed such that the FW of the 1-R oval groove
narrows because of the second radius of curvature R,.

After the geometric relationship among the two radii of
curvature, H, FW, and D of the 2-R roll groove is examined,
the equation for the center point of R, (X,, Y,) is obtained as
follows:

b—+b>—ac

Xo=—""— M
a
L,=D=R+y(R-R,) =X b)
where
a=l+tan’a b=Ltane c=12—(R,-R,) 3)

Angle o and parameter L used in Eq. (3) are expressed as
follows:
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Fig. 1. Schematic of 1-R and 2-R oval grooves.
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Therefore, once the design parameters D, H, FW,, FW,, R,
and R, are determined, the center point of R, (X,, Y;) can be
computed using Egs. (1)-(5), and the 2—R oval groove shape
can be drawn. Note that if the center of the smaller radius of
curvature R, is on the x-axis, it is called a regular 2—R oval
groove. A procedure for deriving the design parameters is
explained in [9].

3. Prediction of the surface profile of the outgoing
workpiece

To predict the surface profile of the outgoing workpiece at a
pass, we must first determine its maximum spread. The sur-
face profile of an outgoing workpiece is then computed based
on the dimensions of the inlet cross-section of the workpiece
and a weighting function linked with the geometry of the roll
groove.

3.1 Maximum spread in groove rolling

Shinokura and Takai [10] carried out experiments using a
pilot rolling mill; using the wide range of experimental data as
a basis, they developed a model to calculate the maximum
spread for mild steel (JIS SS41) in four types of rolling se-
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A, = Area of incoming workpiece Rur Ruax

Roll groove

Fig. 2. Application of equivalent rectangle approximation into the
round groove-to-2—R oval groove rolling sequence to calculate the
effective height for the workpiece and the area fraction between the
incoming workpiece and the geometry of the roll groove.

quences, namely, square-to-oval, round-to-oval, square-to-
diamond, and diamond-to-diamond grooves. Their idea is that
the maximum spread of an outgoing (exit) workpiece can be
expressed as a function of roll radius, the geometry of an in-
coming (inlet) workpiece, and the area fraction between the
incoming workpiece and the geometry of the roll groove.

Fig. 2 illustrates the application of the Shinokura and Takai
model to a round-to-2-R oval groove rolling sequence. The
maximum spread, Wy,,,, was calculated using the following
formula:

W =W 1+y—“Rmea“(Hi_H°).ﬁ (©)

: W, +0.5H, A,

where

A,

o -

—As—Ah;*':Ao_As. (7
B, ! B.

W; and H; are the maximum width and the maximum height of
an incoming workpiece (i.e., the inlet cross-section), respec-
tively, and vy stands for a spread correction coefficient that
depends on the type of rolling sequence and material. This
procedure can also be applied to 2-R oval-to-round or square-
to-2-R oval groove rolling.

3.2 Surface profile of the outgoing workpiece in round-to-
2-R oval groove rolling

The geometric designation of the round-to-2—R oval groove
rolling sequence is described in Fig. 3. R, is the radius of cur-
vature of the inlet cross-section, R, represents the predicted
radius of curvature of the outlet cross-section, and R; denotes
the radius of the roll groove. When the incoming round work-
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Fig. 3. Geometrical designation of the 2—R roll groove, the incoming
workpiece, and the radius of the surface profile, Rs, of the outgoing
workpiece in the round groove-to-2—R oval groove rolling sequence.

piece is deformed at the inside of the oval groove and reaches
the face width of oval groove Wy, the final surface profile of
the deformed workpiece is assumed to be a circle of radius Ry.
Ry is approximated as the radius of a circle located within the
roll groove area and passing through the point (x == W¢2,y =
0). Assuming that W, does not exceed W; (width of the roll
groove area), R; is given by:

R =R,-W +R;-(1-W), ®)
where
Wt Wf Wmax . (9)
W, - W,

W, is a weighting function, W; is the width of the inlet cross-
section, and W,,,, denotes the maximum spread of the exit
cross-section [which can be calculated using Eq. (6)]. R¢is the
radius to be achieved when W,,,,=W;. An experiment need not
be performed to determine the weighting function. The re-
quirements for choosing the weighting function stem from the
need to guarantee the relationship described by Eq. (8). Ac-
cording to Egs. (8) and (9), R, becomes R, when W ,,,=W; (no
spread), and R becomes Ry when W,,,,=W;. R; denotes the
radius of the workpiece surface profile when the maximum
spread reaches FW, The ability to express Ry in Eq. (8) in
terms of the design parameter of the 2-R oval groove in a
fully analytic manner is quite limited. Hence, in this study, it
was approximated in a simple form as follows:

R;=R,/2 (10)
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Once R; is determined, the separating point (Cy, C,) can be
obtained and the area of the exit cross-section can be calcu-
lated. This route can also be applied to the 2-R oval-to-round
groove rolling sequence.

3.3 Surface profile of the outgoing workpiece in square-to-
2-R oval groove rolling

In deriving Egs. (8) and (9), no restrictions are placed on the
shape of the inlet section of the workpiece. As a result, the
equations can be applied to any shape of inlet section, such as
a square, oval, or diamond. Hence, the modeling technique
employed in Section 3.2 can easily be applied to an initial
billet (square)-to-2-R oval groove rolling sequence. In this
case, the radius of curvature of the inlet cross-section of the
billet becomes infinite. In the proposed model, we assumed
that the radius of curvature is twice the width (or height) of the
billet.

4. Experiment

4.1 Rolling mill

A single stand two-high laboratory mill was employed,
driven by a 75 kW constant torque direct current motor. Duc-
tile casting iron rolls with a 310 mm diameter and 320 mm
face width were used. The rolling speed was set at about 0.5
m/s.

4.2 Specimen and roll groove design

Low carbon steel and stainless steel were used. The materi-
als were obtained in the form of square as-cast billets with a
side length of 160 mm. The specimens to be rolled were cut
and machined into round bar specimens of 60 mm diameter
and 300 mm length for the round-to-2-R oval groove rolling
test. For the square-to-2—R oval groove rolling test, square
specimens with 52 mm sides and 300 mm length were ma-
chined. Fig. 4 shows the roll groove shape designed for the
rolling test.

4.3 Test procedure

The specimens were soaked in a reheating furnace at 1100 °C
for 40 min to ensure homogenous temperature distribution.
Before rolling, the surface temperature was measured at each
pass using a high temperature pyrometer. The square speci-
men was first rolled into the 2-R oval groove [Fig. 4(a)], and
then the rolled specimen was air-cooled to room temperature.
For the round-to-2—R oval groove rolling, the specimen with
the round section was first rolled into the 2—R oval groove
[Fig. 4(b)], and then rolled into the round groove [Fig. 4(c)]
after being rotated by 90° about the lengthwise direction. En-
try guides were installed in front of each roll groove to mini-
mize lateral bending of the specimen.

After the experiment, we obtained 10 mm-thick cross-
sections by cutting the middle part of the workpiece along the

G/2=3.25

G/2=3.25

(©

Fig. 4. Design parameters and roll groove used in groove rolling test.
2—-R oval groove (A) (b) 2-R oval groove (B) and (c) round groove.

lengthwise direction. Finally, the coordinates of the surface
profile and the cross-sectional area were obtained using a sur-
face profile reading program, followed by scanning the cross-
section of the workpiece.

5. Results and discussion

Figs. 5-7 shows the comparison of the predicted surface pro-
files and the measured profiles for the square section-to-2—R
oval, round-to-2—-R oval, and 2-R oval-to-round groove roll-
ing sequences. Note that the section height, represented as
“SH,” varies to some extent beyond the design roll gap
(groove height) in each rolling test. The dash-dot line repre-
sents the roll groove shape, the dotted line indicates the meas-
urements, and the solid line indicates the model predictions.

5.1 Square-to-2-R oval groove rolling

Fig. 5(a) shows the results of square-to-2—R oval groove
rolling when low carbon steel (S10C) was rolled.
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Fig. 5. Predicted and measured surface profiles of the exit cross-section
for square section-to-2—R oval groove rolling. “y” stands for a spread
correction coefficient dependent on the material and type of rolling
sequence. “SH” denotes the height of a roll groove.

Fig. 5(b) compares the measured surface profile with the
predicted profile for stainless steel. For both cases, the meas-
ured cross-sectional area and the surface profile slightly ex-
ceeds the predicted values. Parameter y indicates that the
spread correction coefficient is dependent on the material and
the type of rolling sequence. The spread correction coefficient
was set to 0.45 for low carbon steel rolling and 0.6 for
stainless steel rolling. The measured surface temperatures
right before rolling was 1048°C for low carbon steel and
1104°C for stainless steel.

Almost no difference between the measured cross-sectional
area shown in Fig. 5(a) and the area shown in Fig. 5(b) is ob-
served, even though the SH of the 2-R oval groove in Fig.
5(b) was 1 mm larger than the height shown in Fig. 5(a). This
is because 50 mm X 50 mm square specimens were rolled
instead of 52 mm x 52 mm. The thermal expansion coefficient
is 11.0 E-6/K for low carbon steel (0.1% C) and 17.3 E-6/K
for stainless steel (STS304). The fit between the stainless steel
specimen and the entry guide in front of the groove was so
tight that the stainless steel specimen could not be positioned
inside the entry guide. Hence, the specimen’s dimensions had
to be reduced. Thus, the 52 mm x 52 mm square specimen
was reduced to a 50 mm x 50 mm for stainless steel rolling.
Fig. 5(a) and (b) directly demonstrates the effect of the ther-
mal expansion coefficient on the spread of the workpiece and
consequently, its exit cross-sectional area in the hot rod rolling
process.

The surface profile following the square-to-2—R oval groove
rolling is not always a straight line; it can curve inward or
bulge outward, depending on the reduction ratio. Fig. 5(c)
shows the effect of the reduction ratio on the surface profile.
The measured surface profile is slightly curved inward due to
a relatively a low reduction ratio of 13.5% (see right-hand side
of workpiece surface profile). Compressive forces caused by
the upper and lower roll grooves are not strong enough to
stretch the material in the roll gap direction. However, a
higher reduction ratio does not always ensure that the outgo-
ing surface profile of the workpiece will bulge outward, as is
shown in Fig. 5(a) for the relatively high reduction ratio of
22.5%. If the reduction ratio increases significantly (about
30%), the surface profile of the workpiece might bulge out-
ward. However, this cannot occur as the square specimen
cannot be bitten in the 2—R oval groove because of the geo-
metric constraint between the specimen cross-section and the
2-R groove section.

5.2 Round-to-2—R oval groove and 2—R oval-to-round groove
rolling

A comparison between the predicted surface profile and the
measured profile was made when a specimen with a round
section was rolled in the 2-R oval groove (Fig. 6). The pre-
dicted cross sectional area is generally in good agreement with
the measured area for both passes. Spread correction coeffi-
cient yis 0.95 for stainless steel and 0.85 for low carbon steel.
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Fig. 6. Predicted and measured surface profiles of the exit cross-section
for a round section-to-2—R oval groove rolling. “y” stands for the
spread correction coefficient dependent on the material and type of
rolling sequence. “SH” denotes the height of a roll groove.

The surface profiles for both steels are similar. The higher
spread correction coefficient (y=0.95) may be attributed to the
higher thermal expansion coefficient of stainless steel and the
geometry of the 2—R oval groove. When a round specimen of
60 mm diameter was rolled in the 1-R oval groove rolling, a
value of ¥=0.83 was used [9]. This slight increase in the spread
correction coefficient can be explained as follows. The second
radius of curvature of the 2—R oval groove reduces the exit
cross-sectional area of the workpiece, but helps squeeze the
workpiece outward (i.e., in the roll gap direction) in the course
of rolling because the radius of the stress-free surface profile
of the outgoing workpiece in the 2—R oval groove is smaller
than that in the 1-R oval groove.

Fig. 7 shows that the workpiece rolled out of the 2-R oval
groove was rolled in the round groove. Careful comparison of
the oval groove profile to the measured exit cross-sectional
shape of the workpiece illustrates that the lower roll is slightly
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Fig. 7. Predicted and measured surface profiles of the exit cross-section
for 2-R oval section-to-round groove rolling. “y” stands for the spread
correction coefficient dependent on the material and type of rolling
sequence. “SH” denotes the height of a roll groove.

unbalanced along the lengthwise direction during rolling.
Overall, the differences between the measured pass area (i.e.,
the exit cross-sectional area) and the predicted area are in the
range of -1.3%-2.0%. The results obtained demonstrate that
the analytical model proposed in this study has an experimen-
tal rationale for use in an actual rod mill where 2—R oval-to-
round (or vise versa) groove rolling sequences are employed.

6. Concluding remarks

An analytical model that predicts the surface profile of a
workpiece in 2-R oval-to-round (or vice versa) groove and
square-to-2—R oval groove rolling was proposed. The effec-
tiveness and generality of the model was analyzed after a se-
ries of pilot groove rolling tests with low carbon steel and
stainless steel.

The proposed model can compute the surface profile of the
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workpiece very quickly (in a second) if the inlet cross-section
of the workpiece, the geometry of the roll groove, and a
proper spread correction coefficient are known. The correction
coefficient for the 2—R oval-to-round (or vice versa) groove is
slightly higher than that of the 1-R oval-to-round (or vice
versa) groove. The proposed model can serve as a highly
valuable tool because it saves computational time. The finite
element method requires considerable computation in predict-
ing the surface profile of the workpiece in groove rolling.
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