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UPPER BOUND APPROACH ANALYSIS OF DRIVING
POWER OF WHEEL FOR CASTEX"

Cao Furong, Shi Zhiyuan and Wen Jinglin
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ABSTRACT CASTEX( Cast Extruding) is a relatively new process in the metal working and a further im-
prove ment of the CONF OR M( Continuous Extrusion Forming) process with feedstock changing into molten
metal instead of granular feedstock or rod. A deformation zone division has been made and a driving power for-
mula of wheel groove has been established by applying the Upper Bound Theorem to the CASTEX process . It
is shown by experiment and calculation that the calculated results are in agree ment with the experimental ones .
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1 INTRODUCTION

The conventional extruding technologies
mostly utilize the linear move ment of chief cylin-
der in hydraulic pressure crock to push the metal
in the extruding container to deform plastically .
Essentially the driving direction of metal defor-
mation is all of one dimension and linear. In or
der to realize continuous production, technology
of ingot after ingot extrusion( extrusion without
re maining) was invented, but not used widely
because of the unstable product quality for most
metals and alloys .

In1972, Green'''subtly utilized periodical-
ly rotating wheel with groove on it as the driving
power instead of linear driving power to force the
metal to go forward along the wheel groove and
through the extrusion die to get product. As
long as the feedstock was fed into the entry the
product then could be gotten continuously,
which was called CONFOR M( continuous extru-
sion forming) method 24!,

81 turned the

In 1984, Langerweger[S'
feedstock into liquid metal to integrate the cast-
ing and CONFORM technology, which was
CASTEX( cast extruding or continuous casting
and extruding) . CASTEX is a further improve-

ment of the CONFORM process, which uses
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molten metal as feedstock , and lets the material
be solidified and extruded in the same machine .
Both CASTEX technology and CONFORM
technology are the breakthrough of the conven-
tional extruding processes .

Up to now, there are some experimental
simulations and mechanical analysis of CON-
[9-131  py
there see ms no open report on the driving power

FORM continuous extrusion process

analysis of CASTEX continuous extrusion pro-
cess . In this paper, a theoretical formula is de-
rived by applying Upper Bound Theorem to the
CASTEX process, and it is expected that the
calculated result is useful for the design of CON-
FORM and CASTEX machine and their process
parameter analysis .

2 SUPPOSING CONDITIONS AND VELOCI-
TY FIELD OF CASTEX

2.1 Operating mechanism of CASTEX

Fig .1 is the sche matic diagram of CASTEX
process. Liquid metal at a high temperature is
fed into the groove of the rotating wheel water
cooled inside and is crystallized. With the rota-
tion of CASTEX wheel the metal is drived by the
friction between the groove wall and metal, as
soon as the driving stress reaches the yielding
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stress, the metal is then extruded through the
die orifice to get product .

2.2 Division of defor mation zones
The CASTEX procedure is divided into four
L, —Primary

zones: Ly —Liquid phase zone;

grip zone; L, —Grip zone; L; —Conventional

extruding zone .

1
2
; |
7 . B
3
=
4 N
B8 51(\1
5 n
== iy
_’—//L’_’—“

Fig.1 Schematic diagram of CASTEX process
1 —Liquid ; 2 —Extrusion shoe ;
3 —Seal segment ; 4 — Wheel groove ;
5 — Metal ; 6 —Abut ment ;
7 — Mint container ; 8 —Product

The practice and calculation all show that
the length values of L, and L, zones are much
smaller than the diameter of CASTEX wheel and
the length of Ly zone. So the arcs of L; and L,
zones along the wheel groove can be taken as the
quadrates and the x-y-z coordinate is used as
shown in Fig.2.

Here the length of L, and L, is determined

by following equations[ 151,

L,=2W
I = ng W For radial CASTEX
2o (ng- 1)s#V  For tangential CASTEX
(1)
ng = %/ 9 (2)

To determine 7, exactly, in the mini-con-
tainer we should consider the effect of friction
between the metal and non deformation zone in
the mini-container on the base of B. Avitzur’ s
solution G,/ ;| g 5 about the plastic deformation
and die land.
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Fig.2 Division of deformation zone and

sche matic diagram of contact friction
stress and normal stress

The incre ment of extrusion force by friction
from the wall of container satisfies the following

equation :
Ao T D2 - Zap,L (3)
4 t 2 t t
L,
NG/ =2 D,
So we get as the follows from Eq .(2) :
Oe Ny
ng = Ue/as=;s B,A+7S
=2f(a)lng+l[ ; - cota+
d = /3 sin’a
D, Lq L,
mcosaln?+ rrzTi]+2Et (4)
where A 0is the extruding stress incre ment im-

posing on the entry of the mintcontainer by the
friction of container wall, D, is the diameter of
mini-container, L,is the length of non-deforma-
tion zone in the mini-container, ¢ is yielding
stress, d is the diameter of the product, L, is
the length of die land of extrusion die, m is fric-
tion factor, f( a) is the function of die angle a.

Besides the determination of the length in
different deformation zones, the frictional shear
stress k and normal stress 7, on the contact sur
face between the abutment and metal in the
groove are given in Fig .2.
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2.3 Supposing conditions and velocity field
2.3.1 Supposing conditions

(1) The metal in L, zone is liquid, there is
no deformation power.

(2) The arcs of L, and L, zones along the
wheel groove can be taken as the quadrates.
Therefore Xy z coordinate is used .

(3) Divide the L,zone into two parts: L, -
D, part and D, part as shown in Fig.3 . Suppose
there is no relative slide between the metal and
the wheel groove in the two parts but slide exists
between the abutment and the metal, the in
clined plane of abutment and the wheel groove,
the mintcontainer and the metal, the die wall
and the metal .
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Fig.3 Diagram of determining deformation
power in L, and L; zone

1 — Velocity discontinuous plane ;
2 —Nondeformation zone ;
3 —Deformation cone ; 4 —Die land

2.3.2 Kine matically ad missible velocity field
(1) From the supposing conditions, & = 0
in the Ly, L, and L, - D, zones .
(2) Kinematically admissible velocity field
in D, zone can be supposed as follows :

& =- v/ D

& = v/ D

! ‘ (5)
g =0

&y = € = &y =0

The average values of discontinuous velocity
variables on OA plane of Fig .3 are approximate-
ly as follows :

| A Vioal = v/2 (6)

The velocity in y direction of D; part in
Fig .3 is also variable , which increases gradually
to v” at the entry OA of mini-container from 0
on the right side wall of wheel groove as metal
moves to the left .

The cross-sectional area of groove is w2,
the velocity of metal in groove is v, and the
cross-sectional area of metal flowing-out at sec
tion OA is shown in Fig .4(shadow part) . The
area of shadow part is

A = £D2[1 (arccos ﬂ)/90] +
T o4 il oo fareeos g
1; W(D; - WH'? (7)
By volume constancy principle we get,
W*v = Av”
Then ,

/

v’ = 4 W/{nD1 - (arccos EW)/9O] +
t

2W(D} - WHYA . o (8)
So the velocity difference of metal in y di-
rection of D, zone is v’. The average of discon-
tinuous velocity variables on OC plane is
| AViocl = 072 9)
where W is the width of wheel groove as
shown in Fig .4 .

Wheel groove

/ Container
.
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Fig.4 Metal flow area of intercontaction

bet ween wheel groove and minf container

(3) L;zone
By applying B . Avitzur’ s continuous veloci-

[16) and volume

ty field of spherical coordinate
constancy principle , the flowing velocity in the

mini-container is obtained as
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s 4 W?
- 10
v JTDfU (10)

3 DETERMINATION OF UPPER BOUND
ARY POWER OF CASTEX

The UpperBoundary Theorem of ignoring
the power of inertia force , enlarging the power
of inner cavities within deformation body and su-
perficial changing power is as folllows[”’]lz

W< W' = Wi+ We+ Wp+ W, (11)

With Eq.(10) referring to Fig.3 we can
determine inner plastic deformation power W;,
friction loss power W;, shear power Wpand ap-

And with zone L;
[16]

plied power W, zone by zone .

we can utilize B.Avitzur’s results directly

3. Internal plastic deformation power
The general equation for calculating internal
plastic deformation is

. 3 - 3
W, = 2 W, = X ¢ &dov;
j=1 ! j=1 !
1’]
When j =1
When j=

Wi = fffgd% p, *
q fffﬁé;dxdydz

IW w

A e

0700

When | =

W, = ;as/wf(a)d(lnxl)

Referring to Eq.(5) , we get

‘ 1

Wi=2USUW2[7+ﬂd—a)1n/l] (12)
3

where dis the diameter of products; Ais the ex-

trusion ratio; jis the serial number of zones 1,2,

3.

3.2 Friction loss power
The general equation for calculating friction
loss power is

. 3. 3 ,
j=1 j=1
F

When
metal relative to abutment is v/2 , the frictional

j=1,in L, zone the velocity of

shear stress along the groove increases from 0 to
k. So the average value 7 = k/2 = /4. Then

e

When i = 2,
this zone is very complex and composed of the

1
Ikle W (14)
the friction loss power in

following seven ite ms.
(1) In L, - D, zone, the friction loss power
between the metal and seal seg ments is

Ly- Dy

j jkvdxdz = kv(L,- D) W (15)

(2) In L, - D,zone, the friction loss power
between the metal and groove walls is

Ly- IW

j jk 0Odxdz = (16)

(3) In D, zone, considering of Eq.(8) and
Fig .3,
walls is

Jo2+ v?/2 (17)

The frictional shear force is k, so the fric-
tion loss power between the metal and groove
walls is

the velocity of metal relative to groove

Dl ]7
j J‘k-idxdy (18)
(4) In D, zone,
tween the metal and the bottom of groove due to
the relative move ment is

the friction loss power be-

Diw
jjk- vdxdz = koD, W (19)
where v is the relative velocity .

(5) Between the metal and the plane of
abut ment , the relative velocity is v/, the friction

loss force is k , so the friction loss power is
W W

o’ 1, s
jjk 2dydz = kv W (20)
00

(6) Between the metal and the incline of
abut ment( as shown in Fig.5) the friction loss
power is
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W Putting Eqs.(14), (22) and (23) into
J:[ ke vdxdz = ko WZ (21) (13) , we get the whole friction loss power W;as

(7) In L, zone,
tween the effective contact width of wheel and
the flash formed by metal leaking ( Fig.5) is

L

the friction loss power be-

2 b

2.[.[ ke vdxdz = 2kvl,b (22)
070
Plane
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w
¥ z 2] b
B
Abutment
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Fig.5 Schematic diagram of contact friction
plane between abut ment and metal (a) and
flash formed by metal leaking bet ween side

plane of wheel groove and shoe in L, zone (b)

W — Width of wheel groove ;
b — Width of flash at one side ;

B —Plane incline abut ment width of seal seg ment

From Eqs.(15) ~(22) we get Wp as fol-

lows :
) 1 L
=20 2= —=
W, 2 ZJW{4 W+
1 L21/2B LL/
f L O+ Ty
1z 1 Lyb
s w2 o) (23)
When j=3, we get
Wg = lUS mi Jv (*d)zcotarln*t +
ﬁ 2 d
LIDI
lUSm /lvﬂiLd+ ke vdxdy
ﬁ 2
00

The last integral ite m is the frictional power
between the metal and the mini-container in
nondeformation zone , so the above Eq. becomes

m D
~Tcotaln — +

5 d

+

We = 20,0 W

Lyg
g

a] (24)

P

follows :

) L, L,

=20 oL b1 22

We 200 W 16 W 4W+

0 o D10

L+ O T g )+
l**Z+l* b+ﬂotalnD+
a4 w2 om "¢ d
2 Ly L
ﬁmd+Dt} (25)

3.3  Shear power on discontinuous velocity

plane
The shear power is generally calculated by
3
Wy = = UrdeF (26)
j=1
When j =
Wp =0 (27)
When j=2, the shear power on discon-
tinuous velocity plane OCis
w W ,
Wo = || ke Ldyd 28
D2 — 2 y Z ( )
00
When j = 3, referring to B. Avitzur’ s

shear power on discontinuous velocity plane , the
shear power on discontinuous velocity plane OA
is

’ 2 s d 2 a
= - I — -
W ﬁ an (2) (sinza cota) +
w D,
v
.“‘k-;dzdx (29)
00
Using Eqs .(27) ~(29) in (26) , we get
W—20 W2 v + oD/ W
b= 200 WL () -
1
(% - cota)] (30)
ﬁ sin® a

3.4 Applied power

The resistance against metal from the abut-
ment is ¢, = (1 + ny) 05[14’15] , but as the abut-
ment is static, so the power of abut ment to met-
al is null , i.e

Wy =0 (31)

From Egs. (11), (12), (25), (30),
(31), we get the whole Upper Bound driving
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power formula of CASTEX as follows :
W™ = 2asvw2{[ﬂ—a) +

1
mcot a] In A +
2.3

d

2 mL
L(l+7d+.(; - cota) +
/3 d sin® a
ﬁ[L1+4L2+4(1+

v’ 8 L,b

(;)2)1/2 Di+4Z+ 7]+
1,9 Do L
g (2 o + W) + Dt} (32)

Based on Eq.(32) , it is easy to determine
the driving power of CASTEX wheel . Further
more, the power of electromotor can be deter
mined by considering the gear ratio, which is
helpful for the choosing of electromotor and rele-
vant driving equip ment .

It must be pointed out that although the de-
veloped power formulae of CASTEX are just
about CASTEX of single-groove wheel, they also
adapt and fit for the double wheels with one
groove for each one or multiple wheels with two
or more grooves only considering the number of

wheels and grooves in addition!!7- 181

4 EXPERI MENTAL VERIFICATION

The driving power was measured on the
self- made CASTEX machine for the producing of
Al Ti- B alloy wires. In the experiment the pa-
rameters are as follows :

Di=24mm, d =9.5mm, a="7/3, m
=1, W=10, L4y=3mm, n=8r/ min, ¢, =
50 MPa at 753 K.

The average yielding stress ¢ = 50 MPa is
obtained in following ways: Three holes corre-
sponding to Ly, L, , L,zones were made in seal
segment to put thermocouples in each hole to de-
tect the concrete te mperature in different zones ;
one hole was made in extrusion zone L; to detect
the te mperature . The te mperature data were ob-
tained by four points te mperature detection de-
vice . According to the experimental tempera-
ture , tensile tests were made on Instron Tensile
machine to get yield stresses corresponding to
different te mperatures. The final yield stress is
an average of experiment results .

Using the data above in Eqs.(12), (25),
(30) , (31) and (32) , we get Table 1 for com-
parison .

Table 1 Comparison of the calculated
with the measured
Power W; Wp We W,
Value
0.9785 0.9030 18.546 0
/ kW
Power W Wexp Error/ %
Value
/20 .428 19.72 13.99
/ kW

From Table 1 it can be seen that the error
between the calculated and the measured can sat-
isfy the need of engineering . And this error may
come from the lowliness of W; which needs to be
further studied .
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