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[ Abstract] Using the upper bound element technique (UBET), a numerical model was proposed for analyzing the metal

deformation behavior in the extrusion process of ribbed thirrwall pipes through a porthole die. Optimization parameters

were contained in the numerical model and determined through minimizing the total work of metal deformation. T aking

the extrusion process of thirr wall pipe with one rib as an example, the calculated results using the proposed model are as

follows: the extrusion pressure p is linearly related to the extrusion ratio R by p= a+ bR™®®, where a= 14.13, b=

0.911. When the length of the billet remaining in container is shorter than a quarter of the container diameter, the plastic

region extends over the whole of the remained billet and the extrusion process reaches the state of funnel deformation.

There exists an optimum depth of welding chamber in respect of the extrusion pressure, and to the calculated example the

optimum depth is about 10% of the circumscribed diameter of portholes. To obtain more equitable metal flow in welding

chamber, it is required to make the dividing planes in container to be consistent with corresponding welding planes in the

chamber ( 0= g maxi) through choosing different entering area for each of the portholes.
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1 INTRODUCTION

A kind of thirrwall pipe with one or several ribs
on the outer circumference, so-called ribbed thin-wall
pipe, is widely used in petroleum, chemical, trans-
portation and aviation industries. Fig. 1 shows a kind
of thinmwall pipe with one rib used as buoyancy pipe
in large oil depot. Because its poor symmetry and
thirwall compared to the contour dimension, this
kind of pipe is difficult to manufacture and is usually
extruded through a porthole die. The reasonable die
design is the key to ensure successful production and
to improve pipe quality. But in present situation, the
extrusion pressure required by extruding this kind
pipe is estimated by simple experiential formula, the
die-design is depended on the experiences and the de-
signed die needs to be testified by experiment which
may cause waste of manpower and material re

1~ 4 . .. . .
(=4 1n view of this situation, a numerical

source
model based on Upper Bound Elemental T echnique
(UBET) " is proposed to analyze the extrusion pro-
cess of ribbed thirwall pipe through a porthole die,
which being helpful in the optimization of die-design
and extrusion pressure calculation in practical extru-

sion process of ribbed thin-wall pipes.
2 NUMERICAL MODEL

The numerical model built in this paper can be
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applied to analyze the extrusion process of thin-wall
pipe with one or several ribs through a porthole die
which may has different dimensions and different
number of fan portholes. For simplicity and conve-
nience, the die with four fan portholes shown in
Fig. 2 is taken as an example to explain the numerical
model.

2.1 Geometrical description of plastic regions
Early investigation results'® ® show that the de-

formation in porthole die extrusion can be supposed to

consist of two processes, one being the dividing pro-
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Fig. 1 Ribbed thin-wall pipe
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Fig. 2 Scheme of porthole die for
thinmwall ribbed pipe extrusion

cess in which the billet is dividing into several bars by
the bridge, and the other being the welding process in
which the divided bars are welded together again and
required product is formed. According to general
characteristics of porthole die extrusion and combin-
ing with specific status of the research objective in
this paper, the metal flow models in dividing and
welding process are established, as shown in Fig. 3
and Fig. 4. Fig. 3(c) shows the shapes of the plastic
and dead metal regions on hoop plane over the bridge.
The elements under the bridge are divided as the same

as those over the bridge.

In the following derivation about velocity field,
cylindrical coordinates are employed and axial coordi
nate between the dividing and the welding process is
distinguished by z | and z; respectively, whilist sym-
bol z without subscript denotes that the expression is
the same as the two processes. As shown in Fig. 3
and Fig.4, the plane of 0O;A is axial symmetrical
plane of portholes and OB being axial symmetrical
plane of bridge. The planes on which dividing of the
billet or welding of the divided bars takes place are
uncertain of consistent with the plane OB, their po-
sitions are determined by parameters 0., and 0 s
(1= 1,2,3,4). Ouu; and 0 e as well as oo hns
H,(n=1, 2, 3, 4) are determined by minimizing
the total work of deformation in the process, so-called
optimization parameters. epi, 0,, 0;,, C{, C, are
constants determined by die dimension.

2.2 Kinematically admissible velocity field
The plastic regions are divided into elements
whose discontinuous velocity along tangent direction
may exit but the vertical velocity must be continuous
on the boundaries. In every element, however, the
velocity field is continuous.
2.2.1
On the basis of geometrical model of plastic re-
gion, every deformation region is individually divided
into two types of elements by thin lines as shown in
Fig. 3 and Fig. 4. As shown in Fig. 5, one kind of the
elements with a rectangle shape in axiaksection plane

Velocity field in elements

is called rectangular element, and the other with a
triangular shape in axialsection plane is called trian-
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Fig.3 Geometric shape diagram of dividing deformation region
(a) —Shape of dividing deformation region on symmetrical planes of O1A and OB (refer to Fig. 2);

(b) —Shape of dividing deformation region on typical cross sections corresponded to porthole;

(¢) —Shape of plastic and dead metal regions on hoop plane over bridge
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Fig. 4 Geometric shape diagram of welding deformation region
(a) —Shape of welding deformation region on symmetrical planes of 01A and OB corresponded to round part of

pipe (refer to Fig.2); (b) —Shape of welding deformation region on typical cross sections corresponded to a porthole;
(¢), (d) —Showing metal flow relationship in porthole and in die hole corresponded to ribbed part of pipe

Zhp+1

zk'

{a)

e+ Fitl

Fig.5 Rectangle and triangle elements
(a) —Rectangle element; (b) —Triangle element

gle element.

In cylindrical coordinates, three velocity subdivi-
sion of a random point in an element are assumed to
be u, v, w. Employing volume consistancy condi
tion shown by

&+ §+ €= 0 (1)
and element velocity boundary conditions, a three di
mensional kinematically admissible velocity may be
established in two types elements. Axial plane as-
sumption is taken in rectangle elements and circum-
ferential plane assumption in triangle elements. The
velocity subdivisions are described as follows:

In rectangle element
a1z + az (2a)

u= rf1(0)/2+ as/r

w =

v == rpl(e)de— arr@+ f2(0) (2¢)

In triangle element

w = zgi(r)+ ga(r) (3a)
u=- _rL[Ig1(r)rdr+ asr+ k(z)] (3b)
v= as0+ as (3¢)
where f1(0), f2(0), gi(r), ga(r), k(z), are

functions determined, ai, a2, a3, as, as, are pa
rameters determined by velocity boundary conditions
of elements.
2.2.2 Vertical velocity on element boundary planes
According to UBET theorem, vertical velocities
on element boundaries are assumed to distribute even-
ly, thus the vertical velocity of the center point of the
boundary may be used to describe that on the whole
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boundary. The vertical velocity of the center point is
a function of the coordination ( position of the ele-
ment) . The vertical velocity subdivision w of the
boundary’ s center point can be assumed as follow ing:

w(r, 0,z) = q:(r, 0)

Fovg

J.F q:(r, 0)dF,

z

Fovg
Se(r OF.(r, 0 g:(r. 9)
r, 0,z

(4)
where Fy is the crosssectional area of the contain-
er, vgis velocity of extrusion ram, F.(r, 0) is cross
sectional area of (i, j) element of kth layer (i,], k
represent sequence number of r, 0, z coordinates re-
spectively), ¢, (r, 0) are the functions describing
vertical velocity distribution of the boundary’ s center
point between number £ and k+ 1 layers. Consider
ing the shape of deformation region and the boundary

conditions, ¢.(r, 8) can be given by

[ %
qz(r, 6): (rmax_ r)r ‘ (1+ 1176) (5)
where 1. denotes the outer boundary’ s coordinate

of plastic region; as, a7 are optimization parameters
determined through minimizing the total work of de-
formation in the process.

v of the
boundary’ s center point of elements can be deter-

The vertical velocity subdivision u,

mined by

Vij k= Vij k Wi k1= Wik

2(ri+1+ ri)(@'+1— @): o Sk 1— 2%
(6)
p Wi L Pis 1= Wi j gTi
(rii+ ri)
Wi j ky1— Wik
- (1-as) Zhe 1= Zk (7
where wi j r+ 1, wij,  are axial vertical velocities

on the element boundaries between z= z;, 1 and z =

Zk; Wis 1,5, k and w; j,  are radial vertical velocities on
those between r = riyy and r = r;; v j+1, % and
v, j, r are circumferential vertical velocities on those
between 0= 6. and 0= €; as is an optimization
parameter determined through minimizing the total
work of deformation in the process. Thus a kinemati-
cally admissible velocity field is established.

Applying the compatibility equation in cylindrical
coordinates, the strain-rate field can be determined
from the flow-velocity field determined above. On the
basis of the upper-bound theorem, the total deforma-
tion power rate is given by

W = YZJ.V ‘%aj'ajdV+
kZJ.lAvlldt+ mk D vyl By

(i, j=7r, 0, z) (8)

Y is the mean flow stress of the working ma-

where

terial; % is the shearing resistance, k= Y/»/g; m is
the friction factor, o Sm <1 (m= 1 being used in
the calculation of this paper); Av,is the velocity dis-
continuity along tangent direction on the element
boundaries and rigid-plastic boundaries; Avy is the
relative slipping velocity on the interfaces between
material and tools, and F; being the area of the inter-
The first term on the right-hand side of
Eqn. (8) means the internal power rate of plastic de-

faces.

formation in element, the second means the shear
pow er rate losses on the discontinuous velocity bound-
aries and the third the friction power rate losses over
the interfaces between the tools and the material.
Then the mean extrusion pressure is given by

p= W/Fovo (9)
3 RUSULTS AND DISCUSSION

In order to examine the reliability of the numeri-
cal model in this paper, the calculated extrusion pres-
sure-stroke curve is compared with the results of ex-
periment and UBA calculation given by Ref.[7].
The results show that the extrusion pressure calculat-
ed by UBET method is 0.5% ~ 5% greater than
UBA calculated results and 5% ~ 15% greater than
experimental results. So it is believable that the U-
BET model established in this paper is effective in
simulation of the process of ribbed thin-wall pipe ex-
trusion through a porthole die and the predicted ex-
trusion pressure precise can meet the requirement of
engineering application.

For the ribbed thirwall pipe shown in Fig. 1
(can also refered to Figs.2, 3, 4), the calculation
conditions and calculated results are given in Table 1
and Table 2, respectively.

Table 2 shows that the calculated extrusion load
is 22785kN which is within the load capacity of
practical extrusion pressure.

The depth of welding chamber ( hA) and the
maximum opening angles ( Onaxi) of plastic regions
corresponded to portholes are the optimization param-
eters in the UBET model. Table 2 shows the extru-
sion pressure reaches a minimum when the depth of
welding chamber ( h) is 22. Imm. The optimum
depth of welding chamber, h = 22.1mm is about
10% of the circumscribed diameter of portholes'* and
2. 1mm greater than 20 mm taken by practical pro-
duction.

Among four dividing deformation regions, that
corresponded to the ribbed part of pipe has the maxi
mum opening angle of deformation region, 0,.,1=
0. 703 7. It means that the metal flow through port-
hole is the maximum. The opposite of dividing de-
formation, the opening angle of the welding deforma-
tion region 0 max1 corresponding with the ribbed
part of the pipe is the minimum. Above results repre-
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Table 1 Calculation conditions for extruding thin-wall pipe with one rib through a porthole die

Container diameter, D,/ mm

Outer radius of porthole, R /mm

Bottom outer radius of porthole for forming ribbed part, R4/ mm 130

Inner radius of porthole, R,/mm
Length of die land, /4/ mm
Bridge width, B/ mm
Inner diameter of pipe, d,/mm

Thickness of pipe, ¢/mm

260 Width of rib head, B¢/ mm 16. 4
120 T hickness of rib head, ¢/ mm 2
Height of rib, h¢/ mm 2
60 T hickness of rib, ¢,/ mm 2
5.5 Velocity of extrusion ram/ (mmes™ ") 1
45 Extrusion temperature/ ‘C 500
163 Mean flow stress of 6063, Y 14.7
1.4 Friction factor, m 1.0

Table 2 Calculated results with UBEF model

Welding deformation region

Dividing deformation region

Area emax[ emax[ value Area g maxi g maxi value
® ot 0.703T @ 0 et 0.401T
@ @ emaxZ, emax4 0.3807 @ @ g max2s g max4 0.470T
@ emaxfﬁ 0.536T @ g max3 0.659T
H >/ mm 20.1 h>/ mm 11.1
H 3/ mm 20.9 h4/ mm 0.6
H 4/ mm 12.1 Depth of welding 1

chamber h/ mm

Mean extrusion pressure p= 429.2MPa

Extrusion load p = 22785 kN

Omat» g max] represent maximum opening angle of dividing de
formation region and welding deformation region corresponded
to ribbed part of pipe, 0,.; and 0 ,.;(i= 2, 3, 4) represent
those corresponded to other parts of pipe, subscript i is clock-
wise (refer to Fig. 6); h (hs), hi, hao, ha, H\, Ha, H3,
H 4 are parameters describing shape of deformaion region (refer

to Fig. 3 and Fig. 4)

sent the positions of dividing planes in the container
are inconsistent with those of welding planes in weld-
ing chamber.

Fig. 6 shows the schematic drawing of four metal

Fig. 6 Metal flow pattern in welding chamber

flow regions corresponding with four portholes in
welding chamber according the results in Table 2.
Four double dotted lines mean four welding planes.
Because the opening angle of region (&) being maxi-
mum, there exits traverse metal flow on the whole in
the welding chamber. Two types of product defects
will be caused by this metal flow characteristic. One
is product bend because of unequal flow out velocity,
and another is unequal wall thickness in extruded pipe
because of the bent deformation in mandrel. There
fore, to obtain more equitable metal flow in welding
chamber, it is required to make the dividing planes
Omaxi to be consistent with corresponding welding
planes O,.;(i= 1, 2, 3, 4) through choosing differ-
ent enter areas for each of the portholes.

Fig. 7 shows the relationship between extrusion
pressure and extrusion ratio. The extrusion pressure
is almost related linearly to extrusion raitio. The rela
tionship can be given by

p/ Y= 14.3+ 0.91R* (10)

S001

Fig. 7 Relationship between extrusion

pressure ( p ) and extursion ratio
( R defined as ratio of crosssectional area of
container to that of extruded pipe)
D.= 260mm, h= 22.1mm, L/ D= 1.923, Y= 14.7MPa,
m= 1.0, 4hole, R,= 120mm, R,= 60mm,
Rig= 130mm, d= 166.6mm, t= t+ 0.6mm,
hi= t+ 37.0mm
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Fig. 8 shows the relationship between extrusion
pressure component p 4( required for the deformation
in the dividing process) , plastic region height H, and
the billet length L}, in the container. When the billet
length is greater than a quarter of the container diam-
eter (i.e. L, 21/4D,), the height of the plastic re-
gion H in the container remains almost constant and
the extrusion pressure component p 4 decreases along
with the extrusion process goes on; when L}, is short-
er than a quarter of the container diameter( L,< 1/
4D ), however, the plastic region extends over the
whole remained billet (H/ L= 1) and the metal flow
becomes unsteady which means that the extrusion
process reaches the phase of funnel deformation, thus
the extrusion pressure component pq increases with
extrusion stroke.
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Fig. 8 Relationship between extrusion pressure
component (p4), plastic region height (H)
and billet length ( L}) in container
(pa= pap*+ Par, Py denotes component for internal plastic
deformation and p g for shear deformation on rigid-plastic
boundary and friction on interfaces between
working material and tools)
4hole, Ry= 120mm, R,= 60mm, d,= 163. 8mm,
t= 1.4mm, D.= 260mm, h= 22.1mm, Y= 14.7MPa,
m= 1.0, B,= 45mm

Fig. 9 shows the relationship between extrusion
pressure (p), as well as the components (p4, py)
and the welding ratio (K, defined as the ratio of total
entering area of portholes to that of extruded pipe) .
In the calculation, the number and the circumscribed
diameter of portholes remains constant while the
bridge width By, and the inner radius R, of portholes
are changed in a certain proportion in calculation.
With welding ratio K increased ( bridge width By, de-
creases), as shown in Fig. 9, the extrusion pressure
component p , required by deformation in welding re-

gion increases whilst the extrusion pressure compo-
nent p 4 required by deformation in dividing region de-
creases, and total extrusion pressure p (p= pw+ pd)
decreases slightly.

K
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4s0f ' 2
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=400
=l 4
& pe 150
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3001

25 30 35 40 45 50 55
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Fig. 9 Relationship between extrusion pressure ( p)
as well as components (p4, pw), and welding ratio
(K)+ means that strength of bridge is not enough
D.=260mm, h= 22. 1mm, R,= 120mm,
R.= 60- (45- By)/2, d,= 163.8mm, ¢= 1.4mm,
hi= 38.4mm, Bi= 46.4mm, t;= 2mm,

L= 500 mm,
Ly= 130, m= 1.0,
Y= 14.7MPa
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