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Abstract

This paper is focused on using the finite element method to simulate and analyze the planetary rolling process. First, a basic geometric
model of the planetary rolling mill that considers roll profiles and offset angle of the rolls was constructed. Then, a three-dimensional
elastic—plastic finite element simulation was used to analyze both the deformation characteristics of this process and the distributions of
stress and strain in the workpieces. During simulations, an algorithm called Equation of Meshing was proposed by which the initial contact
conditions between the rollers and the workpiece were successfully derived. Finally, an optimum design method was integrated into this
analysis for seeking the best design variables in order to reduce the cavity conditions in the leading end of milled steel rods. © 2001 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Traditionally, most stainless steel rods are manufactured
in the roughing rolling process with large reduction ratio by
several 2-high rolling mills. Six to eight conventional mills
can be replaced when using one planetary rolling mill
(Planetenshragwalzwerk, PSW as shown in Fig. 1 [1]) in
the roughing rolling process. The PSW mainly contains
three conical rollers and an external ring. As shown in
Fig. 2, the rollers are inclined and are located equally around
the axis of the workpiece and their axes intersect that of the
workpiece by an offset angle. This offset angle makes the
workpiece move forward as the rollers rotate. The rollers are
positioned by the ring. The ring encloses the rollers and
rotates in the direction opposite to that of the rollers. Besides
fixing the rollers, the main purpose of the ring is to counter-
act the twisting deformation of the workpiece during rolling
process and help to keep the rods round after rolling. The
usage of PSW decreases the cost of operation and main-
tenance and reduces the required plant space. Furthermore,
the advantages of PSW include flexibility of ingot size, low
rolling load, low lateral spread of material [2,3] and a low
temperature drop between the leading and trailing end of the
rolled bar [4]. These characteristics help to raise the preci-
sion, to homogenize the quality and to increase the competi-
tiveness of the products.
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There are some reports about the planetary rolling process
in the literature. In analytical research, Hwang et al. [S] used
the upper bound method and elementary mechanics analysis
to analyze the force and torque of the rollers. A dual stream
function has been proposed for investigating the plastic
deformation behavior of the rod during the planetary rolling
process [6]. Most experimental researches conducted the
rolling experiments with plasticine, the material properties
of which can be adjusted to meet that of stainless steel at
elevated temperature. Aoyagi and Ohta [7] observed the flow
of the material, the load and torque on the rollers, and the
pressure distribution on rollers during rolling process with
different cross-section reduction rates. In addition, they
studied the influence of the offset angle on the exit velocity
of the rods. Nishio et al. [8] discussed the quality character-
istics of rolled products with different offset angles and
roller profiles. On numerical analysis, Li [9] used the elasto-
plastic finite element method to analyze the elementary
deformation behavior of the planetary rolling process. How-
ever, few researches have been done on completely simulat-
ing the planetary rolling process with three-dimensional
finite element deformation analysis. The purpose of this
study was thus to further analyze the planetary rolling process
with finite element simulations and systematically obtain the
effects of the rolling parameters. Because the simulation of
the planetary rolling process is three-dimensional with the
characteristics of non-linearity and large deformation, the
numerical calculation demands efficient and powerful soft-
ware. The vectorized explicit finite element code LS-
DYNA3D [10] has thus been selected as the simulation tool.
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Fig. 2. Roller of PSW (courtesy of Walsin Cartech Specialty Steel).

2. Model of planetary rolling mill
2.1. Simplification of the model

The operation of the PSW includes the revolution of three
rollers, the rotation of the rollers and the rotation of the
external ring. The major boundary conditions include the
contacts between the three rollers and the workpiece and the
contacts between rollers and the ring. Thus, a complete and
realistic model will make the finite element analysis very
complicated. In addition, the control over the rotation of
each components and analyses of contacts between each
components will cost huge computational time. Therefore, it
is reasonable to simplify the simulation model.

The main purpose of the external ring has been explained
in the previous section. If the axes of the rollers are fixed and
the orbital revolution of the rollers is ignored, the external
ring can be omitted from the PSW model. The orbital motion
provided by the external ring can be taken care of by the
relative motion of the workpiece with free rotational degrees
of freedom. Thus, the key points in the analysis of the
simplified model contain only the rotation of the rollers
and the contact conditions between the rollers and the
workpiece.

2.2. Generation of roller profile

For the geometry of the rollers, a third-order polynomial
was used to define their profiles. For a point Rg on a roller,
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Fig. 3. Roller profile on the coordinate system Sg.

the radius rg is defined as
rR = rr(x) = ax’ + bx* + ex +d ()

Thus the coordinates of Ry on the roller’s coordinate system
Sk can be represented as

Re=[x yr = 1] ()

where xg = ff —u, yr = rrcos6, zg = rrsinf, and ff =
const.

0<0<2m, 0<u<U, U=const. 3)

Fig. 3 shows the projective profile of the roller on the local
roller’s coordinate system. Revolution of this curve with
respect to the axis Xg makes a complete profile of a roller.
The global coordinate system of the simulation model was
defined as the coordinate system of the workpiece. The geo-
metric relation between the local coordinate system Sg(Xg,
YR, Zr) and the global coordinate system So(Xo, Yo, Zp) is
shown in Fig. 4. Thus, a point Ry in Sk can be represented as
R, in S, by using the coordinate transformation:

Ry = MrRx “4)
The transformation matrix is

cosfcosa sinficoso —sina 0
—sin f§ cos f§ 0 dr )
cosfsina  sinfisina cosa 0O
0 1 0 1

Mg =

where o represents an the offset angle and f the inclined
angle. Through the transformation matrix Mg, the coordi-
nate point R, becomes:

Ro=[x y z 1] (6)

o R> a\% X{x
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dar

X, %r z,

0

Fig. 4. Relation between the roller coordinate system and the workpiece
coordinate system.
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Fig. 5. Mesh system of PSW.

where

x = cos fcosaxg + cososin ffyg — sin o zg
y = —sin fxg + cos fyr + dr

z = cos fsina xg + sin fsin o ygr + cos & zg @)

With the above procedures, the authors built all three rollers
with 120° separation together with a cylindrical workpiece.
Thus a complete model had been established and then the
corresponding mesh system could be generated as shown in
Fig. 5.

2.3. Material properties

Most experimental work in the references used plasticine
as working material. Therefore, in the beginning of analysis,
the authors simulated with plasticine for the purpose of
comparison. Because no specifications of plasticine were
mentioned in the references, plasticine PPW 1/3 1.5 was
selected as the working material. Fig. 6 shows the stress—
strain relationship of this plasticine [11]. Following this
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Fig. 6. True-stress—true-strain curve of plasticine PPW 1/3 1.5 (source:

[11D).

» |
800 °C (1470 °F) 4%
%0 - """ |
g /,’/' __.__,__r__--—-——- ‘;‘.
-
PR Py / Annealed type 304L: ____ {2 §
§ TF t-001s ' &
; ~/ — COmpression s
= 150 - e Tension ————— §
e i 42 3
b3 === == Torsion -
H g
fw 3
b3 - 3
s Lo 1000 °C (1830 *F) Jw *
5w
0 0
0 [X] 02 03 04 0s os 07

von Mises effective strain

Fig. 7. Effective-stress—effective-strain curve of 3041 stainless steel
(source: [12]).

comparison with plasticine, low-alloy containing 304 1
stainless steel at 1000°C was chosen as the working material
in the rest of this research in order to obtain more realistic
and more useful results for factory practice. The effective-
stress—effective-strain curve of this stainless steel is shown
in Fig. 7 [12]. At high temperature, the steel is sticky so that
the coefficient of friction in the interface between the rollers
and the steel was taken as u = 0.5 [13].

2.4. Contact analysis between the roller and the workpiece

From the above considerations, an input file for the finite
element analysis was constructed. After several trials, it was
found that the initial contact condition is a crucial factor that
influences the ability of the roller to grip the workpiece.
Therefore, it was necessary to obtain more information
about the initial contact condition between the rollers and
the workpiece.

The initial contact condition between the rollers and the
workpiece may be either point contact or line contact
depending upon the combinations of the inclined angle
and the offset angle. At the beginning of simulations, a
boundary condition was used to push the workpiece forward
to contact the roller. The contact area increased as the
advance distance of workpiece increased. This boundary
condition was removed after sufficient friction force had
been built up with increased contact area. The rollers could
then bite and drive the steel rod into the rolling process. If the
leading end of the steel rod was preformed to a certain shape,
this initial contact condition could be established very easily.

By observing the geometrical relationship of the roller
and the workpiece, it was found that because the initial
surface of the workpiece can be formed by a curve rotating
around the X, axis, the normal vector of any point on the
workpiece surface will pass through the center axis. A
similar condition occurs to the rollers also. Thus on the
initial contact point, the normal vector must simultaneously
pass through the axis of the workpiece and the axis of the
roller.
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Ry can be represented as R in the coordinate system S,
(Egs. (6) and (7)), therefore the normal vector N of R, can be
represented as

OR, o OR,
Ou o0
It is assumed that Ry, is the contact point between the roller
and the workpiece and that the corresponding normal vector

extends through a point M on the axis of the workpiece. The
coordinate of M is

N = N(N,,N,,N.) = ®)

M=[x, 0 0 1] )

where x,, is a constant.
Thus the vector from M to R, can be written as

Xp—x 00—y 0-—z

1
N, N, N, (10)
Then,
fu,0) =N,y —Nyz=0 (11)

The equation above is called the Equation of Meshing [14].
From Eq. (11), we have

N,
=y—= 12
L=y (12)
If there exists x,, = x(u), the corresponding 0, y and z can be
obtained. Then the distance from the contact point to the axis
of the workpiece is

2

P = VY +Z =1+ <%) (13)
Z

By linking each contact point, a contact line can be obtained.
Rotating this contact line around the axis of workpiece, one
can generate a perform profile for the workpiece, which can
perfectly fit to the roller through contact. A similar proce-
dure can be used to derive a special profile of the roller if the
deformation of the workpiece is pre-given.

3. Discussion of simulation results
3.1. Comparison with experiment results

PSW rolling with plasticine was first simulated and the
results were compared with the experimental data [7] to
testify the correctness of the numerical procedures. The
offset angle and inclined angle were 4° and 55°, respectively.
The diameters of workpieces were reduced to 37 mm from
five different initial sizes, i.e. 60, 65, 70, 75 and 80 mm. The
rolling load related to the reduction in diameters is shown in
Fig. 8. The loads from simulation are a little higher than
those of the experiments but the trend is very close. The
difference between simulation and experiment should be
mainly in the properties of plasticine. In addition, the effect
of the offset angles on the exiting velocity of the rod is

240 —
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Fig. 8. Comparisons of rolling loads.

shown in Fig. 9. The inclined angle here was set to 55° and
the diameters of rods were deformed from 75 to 35 and
45 mm. The simulation results are close to those of the
experiments and indicate that the exiting velocity increases
with increasing offset angle.

3.2. Contact analysis

The profile of a typical PSW roller can be described by
two straight lines as shown in Fig. 10(a). Fig. 10(b) shows
the generated profile of a workpiece corresponding to
this roller. The inclination and offset of the roller lead to

—@—— D45 Experiment
| | —#—— D=35Experiment
——©O0—— D=45FEM
—&8—— D=35FEM

D: Initial Diameter of Workpiece

Exiting Velocity (mm /s)
1

Offset Angle ( degree )

Fig. 9. Comparisons of exiting velocity.
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Fig. 10. Roller profile and generated front end profile of the workpiece
(mm): (a) a typical roller profile; (b) the generated workpiece profile; (c)
the roller profile described by y = 1.57874 x 10-%x* — 0.00326815x +
1.71973x + 90.9101; (d) the generated workpiece profile.

a V-shape profile for the workpiece. In reality, the right-side
part of the V-shape will never occur, instead, a horizontal
straight line will replace it because this represents the part of
the workpiece that has gone through deformation. If the
cross-section of the roller is described as in Fig. 10(c), the
generated profile of the roller will be a straight line as in
Fig. 10(d).

By observing Fig. 10(a) and (b), it can be found that the
front part of the roller usually will not contact the deformed
workpiece during rolling. The remaining part of the roller
that deforms the workpiece through contact is called the
deforming zone [7]. If the roller can be carefully arranged in
such a way that makes the deformed workpiece remain
constrained by the front part of the roller, the deformed
shape will be retained and the workpiece will move forward
smoothly before departing from the roller. This special front
part of roller is then called the smoothing zone.

Based on these characteristics and using the Equation of
Meshing, the front part profile of the roller can be modified
to make the smoothing zone perfectly fit to the deformed
workpiece to assure the accurate radius of the workpiece
through the rolling process.

3.3. Deformation of the workpiece

The vertical cross-section of a deformed workpiece is
shown in Fig. 11. The workpiece was twisted by the rotation
of the rollers. In addition, it can be observed that the flow
velocity was not uniform between the internal and external
part of the material. The faster flow velocity of the external
part results in a cavity condition in the leading end of the
milled steel rods. Fig. 12 shows the locus of a point on the
workpiece during deformation simulation. Because of the
rotation of the roller and the effect of the offset angle, a point
on the workpiece rotates around the axis and moved for-
wards simultaneously. Comparing this spiral-like profile of
the locus with the generated profile for the workpiece, as
shown in Fig. 10, the use of the Equation of Meshing can be
validated in the contact analysis.

3.4. Rotational speed of roller

The exit velocity of the workpiece is affected by the
rotational speed of the roller in conventional rolling and in
the planetary rolling process also. A roller with an inclined
angle S = 50° and an offset angle o = 8° was chosen. This
combination of roller parameters would reduce the radius of
the rolled rod from 100 to 40 mm. The relation between the
rotational speed of the roller and the exit velocity of the

Fig. 11. Cross-section of a deformed workpiece.
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Fig. 12. Locus of a point on the workpiece (m).

workpiece in PSW was observed and is plotted in Fig. 13. It
was found that the exit velocity of the workpiece increases as
the rotational speed of the roller increases. Fig. 14 further
shows that the rolling load is raised when the rotational
speed is increased.

3.5. Offset angle

In the PSW, the offset angle of the roller has an important
effect on the exit velocity of the deformed workpiece. For
this analysis, the radius of the workpiece was reduced from
100 to 40 mm with 150 rpm as the rotational speed of the
roller. The inclined angles were set to 50° and 55°, which are
typical values for industrial practice.
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40 80 120 160 200 240
Angular Velocity (rpm)

Fig. 13. Relation between the rotational speed of the roller and the exit
velocity of the workpiece.
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Fig. 14. Relation between the rotational speed of the roller and the rolling
load.

Fig. 15 shows the exit velocity of the workpiece related to
different offset angles. It is clear that the exit velocity
increased as the offset angle increased for both inclined
angles. With the same offset angle, the roller with a 50°
inclined angle resulted in a faster exit velocity for the
workpiece than that for a 55° inclined angle.

From the geometric point of view, the increase of the
offset angle with the same inclined angle increases the
velocity component in the forward direction of the work-
piece. Contrarily, the increase of inclined angle with the
same offset angle will decrease the forward velocity com-
ponent and hence the exit velocity of the workpiece. The
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J —— 50
—f—— 55
12 —
E
£ 8
>
3
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0 4 8 12 16
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Fig. 15. Relation between the offset angle and the exit velocity of the
workpiece.
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Fig. 16. Relation between the offset angle and the rolling load.

same results can be found in Aoyagi’s experiments [7]. In
addition to the discussed feature that the rolling load
increased with the exit velocity, it also increased with the
offset angle but decreased with the inclined angle as shown
in Fig. 16.

3.6. Stress and strain

Figs. 17 and 18 are the contours of effective stress and
effective strain of the workpiece during the rolling process.
It can be seen that the maximum von Mises stress occurs at
the part that is beginning to make contact with the roller. The
magnitude of this stress will decrease a little at the later
stages of rolling.
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Fig. 18. Effective strain distribution in the workpiece.
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Fig. 19. Cavity in the leading end of the workpiece.

4. Optimum design

The authors have discussed the inhomogeneous deforma-
tion in the workpiece and the resulting cavity in the leading
end of the workpiece (Fig. 19). If the magnitude (depth) of
the cavity is significant, additional time and cost will be
needed to remove it after rolling. Hence, how to choose
appropriate parameters that can minimize the depth of the
cavity becomes an important task. In order to handle the
combined influence of several parameters to the formation
of cavity, the optimum design computer code MOST [15]
was integrated with the finite element code DYNA3D and
the following analysis was conducted.

4.1. Object function and design variables

During the rolling process, the deformation behavior is
affected not only by the material properties but also by the
inclined angle and offset angle of the rollers. We have
discussed the influences of both angles on rolling load
and exit velocity in the above sections. In this section, we
will use the optimization techniques to analyze the influence
of the inclined angle and offset angle upon the cavity in the
leading end of the rolled rods. Since our goal is to minimize
the depth of the cavity, the object function can be written as

f = min(ALy) (14)

The value of ALs is calculated from the difference
between the central point and the average of ten most salient
points around the end edge (see Fig. 19).

The design variables of this object function were the
inclined angle f§ and the offset angle «. The typical values
chosen for § were 50° and 55°, and occasionally 60°. Thus,
the range of the inclined angle was limited to from 50° to
60°. In order to provide enough forward velocity component,
the offset angle was arranged to be between 4° and 15°. The
constraints of design variables were written as

50° < f < 60°, 4° < <15° (15)

During analysis, the shape of the deforming zone was
unchanged. The shape of the smoothing zone was changed
corresponding to the variance of the design variables. How-
ever, the total length of the roller axis was fixed. The radius



122 C.-K. Shih et al./Journal of Materials Processing Technology 113 (2001) 115-123

L T e
0.012

0010+

0.008 | ‘...'

Object Function value
(]

— —

0002 4|
M\ i Tl
55 3%

1 T
Q(degree)h}‘“hw’sw’ s
F,(_degree]

Fig. 20. Distribution of the object function values.

of the workpiece was reduced from 100 to 40 mm. The exit
lengths at each analysis were not controllable because dif-
ferent offset angles resulted in different exit velocity of the
workpiece. However, it was found that after the rolling pro-
cesses had approached steady state, the cavity did not change
any further. Thus the rolling time interval was restricted to
that within which the deformation had become stable. In
addition, the rotational speed of the roller was also fixed.

4.2. Results of optimization

An optimum solution of ALy = 3.771 mm was obtained
with an inclined angle of # = 52.25° and an offset angle of
o = 6.25° under the above constrained conditions. Fig. 20
shows the distribution of the object function values corre-
sponding to different combinations of design variables. The
cavity was enlarged as the inclined angle and offset angle
were both increased. When the offset angle was decreased,
the object decreased correspondingly, but if the offset angle
was too small, the workpiece would not reach a stable
condition. As discussed in the previous section, the offset
angle affects the exit velocity of the workpiece, so a small
offset angle will give a small forward rolling speed, and the
rolling process will not reach the steady state condition
within the given time interval.

5. Conclusions

This research tried to provide the solution to the problem
on the planetary rolling process by using the finite element
method and optimum design scheme. The following con-
clusions were drawn:

1. The geometric model of PSW has been built by using
the coordinate transformation method. In addition, the
finite element simulation model has been reasonably
simplified to help in reducing the complexity of the
model and the computational cost.

2. The Equation of Meshing was adopted to generate the
preform profile of the workpiece that contacts perfectly
with the roller and vice versa. It also helped to create
maximum contact area between the workpiece and the
roller at the initial rolling stage. In addition, the moving
locus of a point on the workpiece verified the validity of
using the Equation of Meshing in generating suitable
profiles for the roller or the workpiece.

3. The non-uniform flow of the workpiece led to
inhomogeneous deformation, which resulted in a
twisted workpiece and the formation of an end cavity.
The cavity in the leading end of the rod can be
successfully minimized by selecting optimum process
parameters.

4. The rotational speed, offset angle and inclined angle of
the roller influence the exit velocity of the workpiece
and the rolling load. Increasing the rotational velocity
and offset angle while decreasing the inclined angle
could increase the efficiency of the rolling process, but
would increase the rolling load at the same time.

From the above conclusions, certain advances in the numer-
ical analysis of the planetary rolling process have been
obtained. However, there are still topics need to be studied:

1. Simulations of the planetary rolling process on high-
alloy containing stainless steels, such as 308 and 309,
are worth studying because these materials have been
causing problems in the industrial practice. During the
rolling process with PSW, a concentrated shear zone
usually results in fracture of high-alloy containing
stainless steel rods. Detailed stress information obtained
from finite element analysis might help in solving this
problem.

2. Besides the analyzed design variables, other variables
should be taken into account simultaneously. For
example, the rotational speed of the roller and the
material properties of the roller and workpiece will be
added to further analysis by the authors in the near
future.
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