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ABSTRACT

A reliable analytic model that delermines the exit cross sectional shape of a workpiece (material) in round-oval (or

oval-round) pass sequence has been developed. The exit cross sectional shape of an oulgoing warkpiece is predicted by

using the linear interpolation of the radius of curvarure of an meoming workpiece and that of roil groove o the roll axis
directicn. The requirements placed on the choice of the weighting function were to ensure boundary conditioris specified.
The validity of the analytic medel has been examined by hot rod rolling experiment with the roll gap and specimern size

changed. The exit cross scctional shape and area of the workpiece predicted by (he proposed analytic mede! were gaad

agreement with those obtained experimentally. We found thal the analytic model has not only simpheity and accuracy

for praciical usage but also save a Jarge amounl of computational time compared with finite element methad.
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1. Introduction

In continuous hot rod rolling process, materials are
processed into rods with acceplable dimensional
(olerance as they pass through the rolling stands, with the
cross sectional shape {surfacc profile) of the watenal
being progressively allered.  To predicl he surface
profile of workpiece at a pass (stand), a number of
numerical studies that simulate rod rolling have been
preseried oo ihe bamnis of three-dimensional finite
clement analysis [1-5]1. FEA is very ellecuve in
calculating the surface profile and the cross sectional
area of workpiece but requites at least several houss fo
run & progiam [or a single pass smee thiee dimensional
analysis is required in natwe.  Thus, considering
compntatjonal time and complicated houndary conditions
necessary in linle element method, the capability Tor
predicting the swrface profile of workpicce by an
anatytical method is highly desired.

Kemp [6] proposed a deformation model to calculate the

surtace profile of a workpiece i oval groove and round

groove rolling, and compared with the expeiimentally
determined surface profile. Kemp, howevel, did nol
specilically present the eguations used for the prediction
of surface profilc

In this study. a new analytical model is proposed for the
prediciion of the surface profile of a workpiece far the
oval-romnd (o1 round-oval) pass sequence, winch 15 most
widely used m the rod (or bar) mill. II is shown that the
suiface profile of a workpiece can be medeled when the
Then. the

surface prefile of the exit cross section 18 campuied by

mammum spread is known befarehand,

using infoimation regarding the shape of the mlel cross-
seclion and that of the 1oll greove. The validity of the
suriace profile model presented s examinzd by a series
ol the round-oval-round pass hat relling experiment.

The dependency of the analyiic model an {he carbon
conients ol the plane carbons steels over the temperature
range of 800 ~ 1100°C is investigaled. The roiling
lemperature 18 in a range where rod (or bar) rolling 1s
generally perlormed in present the rod {or bar) mill. In
addition, to access the possibility of using the analytical
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model for predicting the exit cross section of non-ferrous
materials and alley steels in rod rolling, numcrous
experimental investigations for measuring the maximwmn
spread of the materials were implemented in the
University of Freiberg, Germany, where appiopriate

testing facilities are available and its results are presented.

2. Analytic model

The procedures for predicting the material profile of
stress free surface al the exit of roll gap are described.
The advantage of this model! is that it does not requirc
plasiicity theory but need nformation about only
geomeiric considerations.

2.1. Surface profile in oval-round pass rolling

Sninokura and Takai [7] carried oul an experiment
using a pilot hot rollng mill and developed the
maximum spread formulac for a mild stee! (JIS S841} in
[owr Lypes of passes, incloding Square—Oval, Round—
Oval. Square-Diamond and Diamond-Diamond.  The
idea behind thewr formulae was that the maximum spread
of an outgoing (exit) workpicce could be expressed as a
fumction of roll radius, the geomety of an incoming
(inlet) workpiece, the area fraction between the incoming
workpiece and the geometry of roll groove. Figures 1
and 2 illustrate the delinition of area [raction and
equivalent heights in round-oval and oval-round pass
rolting, for example. The maximum sproad, W, was
then calculated as [ollows:

R_.(H-H, A
Wmax = 7(1 + W) = ( I O) ) _h (l)
! WI + O.SHl A,
where
ﬁ.o _ Au 7‘;5 - Ah and H; - énB_ AS . (2)

c C

W, and H, are. respectively, the maxinum width and the
maximum height of an incoming warkpiece (1.e., inlet
cross section) and y is correction coefficient dependent
on pass type. This formula is of a very simple form and
has only on a coefficient but can predict the maximum
spread with practically accuracy. Shinokura and Takai®
proposed that the common value of v for all four passes
was 0.83.
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Fig. 1 Applicaticn of equivalent rectangle approximation
into round-oval pass to calculate the ellecuve
height for workpiece and the area [raction
belween  the and the

meonung  workpiece

geometry af roll groove
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Fig 2 Application of equivalent reclangle appraximation
into oval-round pass to calculate the effective
height for workpiece and the area fraction

the the

geometry of roll groove

batween incoming workpiece and

2.2. Surface profile in oval-round pass rolling
In oval-round pass. one of the possible surface profiles
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of workpiece is illustrated in Fig. 3. R, 18 the radius of
curvature of the inlet cross section, and R, 1s the radius
of the round groove. Assuming that W, ., the maximum
spread does nol exceed 2R,, the radius of the surlace
profile of the exit cross section, R, may be given by

R=R, W, +R,-(1-W), (3)

Z2-R, -
w=—2=2 "%
3 7. E_W

max

“)

oo

W, 1s a weighting function. W, is the width of the mnlet
cioss section, and Wy, is the maximum spread of the
exit cross seclion, which can be calculated by Shinokura
According to Egq. (3), R,
becomes R, when W..,=W, (no spread at all), and R,
becomes R, when W, ,=2R.. Tt should be noted that Hg.
(3) is valid under the condition that R=D+G/2.

Once R, is determined, the contact point (C,, C,} can he
obtained, The cross sectional area of the exit cross

and Takai’s equation [7].

seclion may be caleulated from

One of possible surface profiles

v Reliel
angle, &

Fig 3 Grometrical designalion of roll groove and the
radins of surface profile, 15, of a workpiece for
an aval-round pass rolling. r. on the right hand
side is omitted for clarity.
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Cx

Amund :4I(Rz _Xz)]lzdx—Rf(Zg—Siﬂzg), (5)
a

where @ =sin™'(C,/R,).

It should be noted that the material is assumed to be
incompressible during rolling and only geometric change
Thus, Egs. (3~3)
greatly simplifies the problem o obtaining the final

was considered in the formulation.

rolled shape.

2.3. Surface profile in round-oval pass rolling
The geometrical designation of round-oval pass rolling
is described in Fig. 4. R, is the radius of curvature of the
inlet cross section, R, is the radins of cinvature of the
ouilet cross soctior, and © 15 the radws
of the roll groove. Assuming that W, does not exceed
W; {the width of the roll groove area), an equation
stmilar to Eq. (3) may be pioposed for round-oval pass,

Fig. 4 Geometrical designation of roll groove and the
radius of the surface profile. 1, of o workpiece
[or a round-oval pass rolling.

as lollows:
R,=R, W +R, (1-W), (6)
'“; = Wl 1“'fmam (7)
l W{ - w
R, is the radius to be achizved when W . =W Ry may

be approximated by the radins of a circle which is
located within the roll groove area and passing through
the point (x=W;/2. y=0), as shown in Fig. 4. Then. il
may be shown that
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2 2
_R{H, (W H /4
2R, - W, '

(8)

where H;, is the thickness of the roll groove area. The
derivation procedure for Ryis described in detail in Ref.
[3]. Once R, is determined, the contact point (C,, C,) can
be obtained, The area of the exit cross section may be
calculated from

Cx

Bova =4 J.(R]2 —x 2y 2y -(R, —Hp/2)C‘ +§Rz

- frIoane ©)
0

3. Experiment

Plain carbon steel with 0.1% carbon content was
used in the experiments. The specimens were round bars
with 60mm or 66mm 10 diameter and 300mm in length.
which were machined from hot rolled square billeis
(160mm by 160mm}. Prior to each pass, the specimens
were soaked 30°C above the desired relling temperature,
1600°C. Jor 60 minutes to
homogenous temperature distributions.

which was ensure

=

G=65

I,-—<J7 5

\

\#

Ry=H,/2 A

H,=47.5 A

Fig. 5 Pass sequence designed for the hot rod
rolling experiment. (a) oval pass and (b)
round pass

As for the rolls, ductile cast iron rolls with the roll
diameter ol 310mm were uscd. Both the round grooved
rolls and the oval grooved rolls were machined [rom
these 1olls. The rolling geometries for the round-oval
pass (lirst pass) and the oval-round pass (second pass)
are shown m Fig 5. The rolling speed was controlled to
impase the constant roll speed of 34rpm during the tests.
Tests were conducted without lubrication on the roll
surface.

4. Results and Discussion

Fig. 6 shows the predicted and measured surface profiles
of the exit cross section at the round-oval pass {a) and at
the ovaltound pass (b), when the diameter of the
specimen was 60mm. Dotled lines represent the roll
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Fig. & Predicied and measured surface profile of the
workpiecc when a bar with 60mm in diameter is
rolled.



[mm]

Yorngseog Lee and Gert Goldhahs « fnternatiemal Journat of the KSPE, Vol. 2, No 7

groove shape and solid lines the predicted surface profile
of the exit cross section. The measured coordinate is
shown by symbols (open circles) indicating every third
data point, for clarity.

Excellent  agrcements  were noted  between
predictions and measurements. As may be expected, the
increase in the diameter of the specimen (from 60mm 1o
66mm) resulled in the increase in the maximum spread,
especially 1n the round-oval pass. This aspect was
illustrated in Tig. 7 Good agreements were observed
again belween the predicted surface profile and the

measured one.
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Fig. 7 Predicted and measured swface profile of
the workpiece when a bar with 66mm 1n

diameter

Fig. 8 shows the effect of the roll gap change on the area
the exit cross section for bolh the round-oval pass and the
oval-round pass. The differences between the predictions
and measurcmenis were in the range of 1.5 ~ 3.5%,
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which were acceptable, considening that the deviations in
the dimensions of the products due to scaled off arca
oxidized by air cooling. The results indicated that the
present model might be applied regardless of the roll gap

size.
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Fig. 8 Normalized cross sectional aiea. arcag. =

predicted area and ared,,, = measurad area.

However. more study seems necessary to insure the
validity of the model for diverse process conditions such
as the effect of the material types and rolling tcmperature.
Fig. 9 shows the effect of rolling terperature and carbon
cantents on the exit cross sectional arca for oval-round
{or round-ovaly pass rtoiling sequence. Almost no
influences are observed for the plain carbon steels as the
rolling termperature changes. It also demonstrales thag the
dependency of the model on the carbon conients of the
steels over the temperature range of 800 ~ 1100°C. The
rolling {emperature is in the range generally performed in
present the rod (or bar) mill. The cross sectiomal area at
each rolling temperature is divided by the oune. which
was rolled at the temperature of 1000°C. The results
show that the crosy sectional area 18 inlluenced slightly
when the rolling temperative decreases 1o 300°C. In
overzll, the analytic model is considered 1o be insensitive
the carbon contents ol sicel.

Fig. 10
maximum spread at oval-round (or round-oval) pass

illustrates the measured non-dimensional

rolling sequence for non-ferrous materials and alloy
Recall that the present study has demonstrated
that the exit cross section can be predicted once the

stecls.
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Fig. 9 The effect of rollng temperature and carbon
contents on the exit cross scctional area lor oval-round

{or round-oval) pass rolling sequence.

maximum spread of the workpiece 1s known beforehand.
This implies that the analytic model proposed in this
study might be applied to the prediction of exit cross
section of non-ferrous materials and alloy steels if we
use the cxperimental data in Fig. 10, which was produced
in The Instntute for Metal forming at Techmeal
University Bergakademie Freiberg. Germany.

It should be stressed that TU Bergakademie Freiberg is
the only scientific institute in ihe world with its own
continuous and high speedy rod (or bar) rolling miil. This
was built in 1982 after mdusirial requirements for a
special equipped laboratory muil to realise practice
relevant rolling tests and other investigations. On the
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Fig. 10 Maximum spread of materals as a function of
temperature [or (a) round-oval pass and (b) oval-
round pass rolling

other side scientists amd lechnologists required a plant Lo
study material behaviour as o test future technologies.
Thus by the combined efforts of mdustry, engincering
and scientists in Universiy of Freiberg this unique rolling
mill was built. Originally it combined the last four stands
of a continuous rod rolimg mill including water/air
coaling and laymg head and some exiras.

From the beginning, main focus was given on
technical/ technological projects suggesied and paid by
the industry. The other was to develop or to optimise new
bar and rod rolling technologies. Many rolling tests also
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included investigations of malenal flow, power
conswmption etc. n rod rolling, as trials to study the
effects of high speed rolling or longitudinal drags. In the
last decade the main focus was laid more on the effects
of

development and mechanical properties of the final rod

thermo-mechanical  rolling. on  microstructure
products. National and international research projects
allowed engineers not only [rom Europe but aiso from
other continents to use the possibilities of this unigue rod
rolling mill.

The mll is bemng undergoing a reconstruction now.
The technical equipment will be adapted to modern
standard and the mill also upgraded for rolling of thin
strips. Thus in the futre the Institute for metal forming
will not only be able to sumulate continuous rolling of
rods, but also of strips (1~5 = 80 x 60.000 mm) including

their cooling, coiling and further treatment.
5. Conclusions

In this study, an anaiytical model for the prediction of the
exit cross section {or surface profile) of a workpiece
during round-oval-round pass sequence was proposed,
and the validity of the model was examined by a series of
hot rolling experiment.  The conclusions may be

summarized as follows:

1) The exil cross section of a workpiece predicted by the
proposed amalytical model is in good agreement with
those obtained experimentally.

2} For the other material types, the exit cross section in
oval-round (or round oval) pass rolling can be predicted
if the maximum spread of the maierials is known
beforehand.

3} The analytical model may hecome a valuable tool for
the on-line control and the initial pass schedule design
for a continuous rod (or bar} rolling process.
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