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The purpose of this paper is to analyze the bar rolling process by means of various roll’s shapes under
the reduction zone of a three-roll planetary mill. The problems were solved with the aid of the finite
element program MARC adopting the large deformation-large strain theory and the updated Lagrangian
formulation (ULF) and a mesh rezoning procedure was adopted to improve the unexpected error of element
turning inside out. The mesh system of the whole bar billet was established by using three-dimensional
brick elements, and the three-dimensional elastic-plastic finite element model in MARC was chosen to
perform the simulation of the three-roll planetary rolling processes. Totally five different roll’s shapes were
used to simulate the rolling process. The numerical results; such as the equivalent von Mises stress and
plastic strain distributions, rolling force, rolling moment, billet speeds at the entrance and exit planes of
the roll gap, etc., are useful in the design of three-roll planetary rolling processes.
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1. INTRODUCTION

A three-roll planetary mill is an effective design for a high reduction rolling process than other
conventional rolling process [1]. The mechanism of a three-roll planetary mill is carried out in the
following manner. The rolls are driven by a main drive planetary gear system and a superposed
drive gear system as shown in Fig. 1. The main drive gear system makes the axis of the sun gear
rotate around the billet. The superposed drive gear system will be driven additionally to eliminate
any slight rotation of the outlet material. The axis of the roll can be adjusted to form an offset angle
() and inclined angle (/), as shown in Figs. 2 and 1, respectively. The axes of three conical rolls
are arranged at an angle of 120° in relation to one another, which rotate around the deformable
bar billet. In general, the surface of rolls is composed of two parts, one is the reduction zone with
a tapered cone, and the other is the smoothing zone with a smaller tapered cone and sphere fillet
at the corner. The round billets are conveyed through a supporting pipe located in the center of
the three-roll mill by a back pushing plate, until it can be pulled into the roll gap by the rolls, and
then it is rolled out. Various cross-sectional area of the product can be easily obtained by simply
adjusting the axes of the three rolls. An important advantage of the three-roll planetary mill is that
during the process the operating temperature of the billet is almost under an isothermal state.
Rolling is one of the important metal forming processes in industry. And the analytical and exper-
imental methods have been investigated for more than half a century. With the aid of the high-speed
computers in recent years, the distribution of field variables in full detail becomes predictable. Li
and Kobayashi [5] employed the rigid-plastic material model with the infinitesimal theory of plastic
deformation to analyze the plane strain rolling. Mori and Osakada [7] used a rigid-plastic model
finite element method to simulate the shape rolling in three-dimensional steady state deformation.
Shiau and Kobayashi [12] employed the rigid-viscoplastic formulation to a three-dimensional finite
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element analysis of open die forging. Noma, et al. [9] adopted a rigid-plastic finite element method
with the assumption of axis-symmetric model to simulate the three-roll planetary mill process.
Aoyagi and Ohta [2] investigated the rolling force and pressure of the roll by the experiments of
plasticine. But it had been very difficult to make a complete analysis for a whole simulation of the
metal forming process with a three dimensional element model. When a three-dimensional element
model is used to implement, it will take a large amount of computing time [10]. To simplify the
analysis of the three-roll planetary rolling process, the rolls are simulated with stiff surfaces which
rotate on their axis but not on the axis of the billet. As well, the front shape of the billet is conical
to make the entrance easy.

The objectives of this paper are to create the elemental mesh system, then to find the initial
contact position of the billet and rolls for simulation, and finally to obtain the stress and strain
distribution of the billet at the roll gap. With a finite element package MARC [4, 8, 11], this
research adopts three-dimensional brick elements with the elastic-plastic material model to simulate
the three-roll planetary rolling process. After numerical simulations, the rolling forces, the rolling
moment, and the velocities of the billet in the steady state will be discussed in this paper.

2. THE ELASTIC-PLASTIC FINITE ELEMENT FORMULATION

During metal forming process, the billet undergoes large plastic deformation and rotation. It is
necessary to consider geometric non-linearity, material non-linearity and constitutive non-linearity
in the large strain plastic problem. Based on the Truesdell rate of Cauchy stress and the updated
Lagrangian formulation, the rate of virtual work is given by the following [3, 6],

ou; Ovy, ddu ;
O k k o i .
/v I:O'ij'ax—; + O'ija—xi -b-m-—]—:l dv = /quéu, dv =+ /StZ(SZ ds, (1)

where diTj is the Truesdell rate of Cauchy stress, u; is the displacement field of the spatial particle,
z; is the spatial position vector of a particle described as deformed coordinate configurations, v; is
the velocity field of the spatial particle, ¢; is the rate of distributed load per unit volume in the
deformed situation, and #; is the rate of boundary (surface) load. The integration was carried out
over the current volume and surface.
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2.1. Treatment of contact and friction

The initial contact position of the problem can be computed by the means of halving the interval
(bisection method). In Fig. 3, contact problem between the rigid body and deformable bar billet
can be used as solver constraints in MARC. The non-penetration constraint is defined by

G4 -7 <D (2)

where 1 4 is the displacement vector of node A of the deformable bar billet, and 7 is the unit normal
vector of the rigid die, D is the distance between the rigid die and the node A of the deformable
bar billet.

Deformable
bar billet

Rigid die
Fig. 3. Definition of contact problem

Whenever contacting between a deformable body and a rigid body is detected, imposed displace-
ment is automatically created. A check is made on all free boundary nodes to determine whether the
newly calculated displacement increments put them inside any surface. If the increment is reduced,
the current increment is considered split into two and the remainders are executed next.

In this paper, Coulomb friction is used for the modeling of the interface between the billet and
rolls, the formulation of which is given by the following vector form [4],

o= -uta 2 () 7 ®

where ﬁ is the tangential force being applied, u is the coefficient of friction, f, is the normal reaction
stress, ¢ is tangential unit vector, and v, is the relative slide velocity. The constant C' smoothens
more or less the step function. Typically, the magnitude of C' should be one or two orders lower
than the average sliding velocity in the contact region. In this paper, the constant C adopted is
0.05 mm time increment.

2.2. Treatment of rezoning

The elements of the deformable bar billet in the three-roll planetary rolling process usually undergo
serious distortion, even might cause elements turning inside out. In Fig. 4, a failed simulation
example shows the stage of the elements turning inside out because of the serious distortion of
the nodal point. To deal with this problem, a treatment of mesh rezoning was adopted in this
study [13]. In order to obtain the right outer shape of the bar billet, only its interior nodal points
are rezoned. The rezoning increment is implemented by calling a self-written subroutine at every
20 usual increments, and then the corresponding field variables such as stress field, velocity field,
etc., at this newly established have to be calculated.

As further shown in Fig. 8, the numbering system of elemental nodes, such as node numbers 2,
32, and 62, are symmetrical with the axis of the billet and arranged at an angle of 120° in relation
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to one another. These nodes are collected to form a set and will be rezoned by the following method.
Let (r;) and (6;) stand for the radius and polar angle of the nodal point with the reference of the
global coordinates system (X,Y,Z), as shown in Fig. 2. Then we have the newly defined nodal
coordinates of the nodal set in the following,

(ri)new = [(T2)old + (32)01d + (762)01a] /3, (4)
(Oi)new = (0i)old , (5)
(Xi)new = [(X2)old + (X32)o1a + (X62)o1a)/3, (6)
(Yi)new = (Ri)new c08(6:)new , (7)
(Zi)new = (Ri)new sin(6;)new , (8)

where subscript ¢ stands for nodes 2, 32, and 62, subscripts ‘old’ and ‘new’ denote the variable
before and after the rezoning increment. After having defined all the nodal point sets of the billet,
one can computes the new defined variables by a call subroutine supported in MARC.

3. ANALYSIS CONDITIONS

This research adopted one deformable bar billet model and five kinds of roll’s shape to simulate the
rolling processes. According to the five different roll shapes, the simulation cases are named from
B1 to B5. The initial contact position of the billet and the roll for case B1 is shown in Fig. 5. The
main different among the roll’s shape is that the reduction zone was composed of two taper cones
by increasing two degrees in left side and decreasing on the right side. The dimensions of the roll
for cases B1 to B5 is shown in Fig. 6 and tabulated in Table 1, respectively.

Table 1. The dimensions of the roll for cases Bl to B5

Dimension | Case Bl Case B2 | Case B3 | Case B4 Case B5
A 29° s 33" 35° 37°
B 37° 35° 43" 31° 29°
C 116.65 mm | 114.09 mm none 109.03 mm | 106.49mm

The numbering system of the bar billet of the elements and nodes are shown in Figs. 7 and 8,

respectively.

The simulation of the three-roll planetary mill is composed of a deformable bar billet, a back
pushing plate to push the bar billet from left to right, a rigid supporting pipe to support the bar
billet, and three rigid rolls to roll out the deformable bar billet. The surface of rolls is set to be a rigid
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50 S.-J. Wu, M.-H. Chang and Y.-M. Hwang

Inc: 0 CASE : Bl .
?fog?ﬁlble cylindrical
a t i

T b1 e\ supporting

Fig. 9. Initial contact configuration of the billet and roll

body, and there are 20 divided intervals along axial and 36 divided intervals along circumferential
of the cone of the roll. The initial contact configuration for case B1 is shown in Fig. 9.

The material used in the analysis is stainless steel 316. It was assumed that the rolling process
was conducted isothermally at 1100°C. The stress—strain relationship of stainless steel 316 at this
temperature is obtained by compressing test and modeled by a bilinear function.

The material property are described in detail as follows: The strain hardening rate (H) is 116 MPa
when € < 0.50 and 10 MPa when ¢ > 0.50; the Young’s modulus (E) is 79 MPa, the yielding stress
is 100 MPa, and Poisson’s ratio is 0.33. The coefficient of friction is set to be 0.5 to correspond the
hot-working processes. The offset angle () and inclined angle (8) of the rolls are set to be 7° and
50°, respectively.

Every three-dimensional brick element bears a twenty-four degrees of freedom and three-degrees
of freedom per node. Because of the different roll’s shape, the initial contact position between
the billet and the rolls are different and it can be found by using a self-written Fortran program to
compute the right configuration. The initial contact configuration of the billet and rolls can be found
by the method of halving the interval (bisection method). It was necessary to push the deformable
bar billet to the stage as shown in Fig. 9. When the friction force was large enough, the roll will
pull the deformable bar billet in. The computed initial position and the element properties of the
deformable bar billet for cases B1 to B5 in this study were shown in Table 2.

For the initial 20 unit time increments, the back pushing velocity is simulated by setting
1.0 mm/unit time increment, and the angular velocity of the roll was rotated by setting 0.01 rad /unit
time increment, and the supporting pipe will depart from the leftmost section at the end of increment
No. 20.

For the unit time increments 21-40, the back pushing velocity is set to be 0.5 mm /unit time
increment, and the angular velocity of the roll was rotated by setting 0.01rad/unit time increment.

Table 2. The detailed description of the simulated cases B1 to B5

Initial axial position | Initial axial position
Case Element property of node 1 of node 1366
on section 1 mm on section 16 mm
B1 —277.13 447.89
B2 gl‘; ‘:j;ltlfsi > ~279.58 445 42
B3 g —283.21 441.79
" Rk 296.09 42891
d he billet = 4 S i :
BS Degree of freedom of the billet 368 31558 10042







