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Abstract

Composite clad rods consisting of three different materials are applied extensively as conductors, electrodes and chemical devices.
Commercial applications involving low temperature niobium-—tin alloy (Nb3Sn) superconductor rods, which have a pure niobium (Nb) core, a
copper—tin (Cu—Sn) alloy outer sleeve and a Nb;Sn diffusion layer in between, stipulate these conductors as, electrodes that are intended for
processing as rods of various shapes. During the extrusion process, non-homogeneous deformation tends to occur because the billet consists of
materials with different mechanical properties. In this study, the authors present a numerical simulation model based on the upper-bound
theorem to analyze three-layer composite clad rods with a hexagonal cross-section under extrusion. A velocity field is also generated with the
assistance of a product’s cross-section profile functions. The velocity component in the extrusion axis is expressed as a convex distribution.
Analytical results indicate that various process variables such as the semi-die angle, reduction of area, friction condition of the die
and combinations of the three constituent materials, prominently influence the extrusion process. Moreover, the extrusion pressure,
product dimension-change and the probability of sound extrusion are related closely to the process variables. © 2002 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Composite clad rods having received increasing attention
owing to their diverse applications in fields such as electro-
nics, nuclear engineering and chemistry. In addition to
conventional composite rods which consist of two distinct
constituents, the market demand for increasingly compli-
cated composite clad rods is the increase also. For instance,
three-layer composite clad rods are used commercially
as superconductor cables, with pure niobium as the core,
copper—tin alloy as the sleeve and a Nb;Sn diffusion layer
in between. Similarly to the manufacturing of conventional
composite clad rods, these three-layer composite clad
rods are extruded from a billet consisting of three distinct
constituents. During the extrusion process, owing to the
differences among mechanical properties with respect to
the constituent materials and the complexity of construction,
three-layer composite clad rods frequently exhibit a non-
homogeneous deformation in the extrusion process, subse-
quently leading to fracturing or defects within the core, the
mid-layer and the sleeve.
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The extrusion of conventional composite clad rods con-
sisting of two constituents has been examined thoroughly
[1-8]. These studies focused primarily on bi-metal rods, in
which analytical models were developed subsequently, but
which are applicable only to two-layer composite clad rods.
Studies involving the rolling of a sandwich plate (which also
has three layers) closely examined the problem’s complexity
[9]. Although the authors’ earlier work proposed an analy-
tical model to extrude a three-layer composite rod [10], the
extrusion was confined to axisymmetric round rods.

In this study, the authors refine the above model to extrude
three-layer composite clad rods with hexagonal cross-sec-
tional profiles. Also proposed herein is a three-dimensional
velocity field which has a non-uniform velocity distribution
in the extrusion axis. In addition, the deformation behavior
of each layer during extrusion is examined.

2. Formulation of velocity field

Fig. 1 depicts schematically the extrusion of a hexagonal
three-layer composite clad rod. The round billet deforms to the
final hexagonal cross-section through the die, which is defined
by an envelope of a number of straight lines. The composite
clad rod consists of a core, a mid-layer and an outer sleeve.
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Nomenclature
A

DS7 Dm7 DC
J

L

m, ml, m2
Pavg

rg,y
Re(p)

Rf7 Rmf7 RCf
RSS’ RSIII? RSC
Ry, Rimo, Reo
RA

OR /D, OR /Dy,
OR /0,

US7 Um7 UC

OUJD,, DU,
oUJd,

Vp
Vrc > V(/)c ’ Vyc

Vrm, qums Vym
Viss Vs Vys
Vo» Viss Vims Vic

AVr., AVr,

Wiawsvwf

Wica Wsm WfZ

area of the sleeve at the die exit
non-uniform velocity component in
the extrusion axis of the sleeve, mid-
layer and core, respectively

total power consumption in extrusion
die length (dimensionless)

friction factor at the die surface, mid-
layer/sleeve and core/mid-layer inter-
surface, respectively

average extrusion pressure
cylindrical coordinates

product radius function

radius of the sleeve, mid-layer and
core after extrusion, respectively
functions represents the die surface,
mid-layer/sleeve and core/mid-layer
inter-surface profile, respectively
radius of the sleeve, mid-layer and
core before extrusion, respectively
reduction of area of the billet

first derivative of die surface, mid-
layer/sleeve and core/mid-layer inter-
surface profile functions with respect
to y, respectively

uniform velocity component in the
extrusion axis of the sleeve, mid-
layer and core, respectively

first derivative of the uniform velo-
city component in the extrusion axis
of the sleeve, mid-layer and core with
respect to y, respectively

volume of the plastic region
velocity components of the core in
cylindrical coordinates (r, ¢, ),
respectively

velocity components of the mid-layer
in cylindrical coordinates (r, ¢, y),
respectively

velocity components of the sleeve in
cylindrical coordinates (r, ¢, ),
respectively

entrance velocity of the billet, exit
velocity of sleeve, mid-layer and core
of the extruded product, respectively
relative slip velocity on the I's and I’y
surfaces, respectively

power dissipation due to internal
deformation, internal shear and fric-
tion, respectively

power dissipation due to internal
deformation, internal shear of the
core and friction at the core/mid-layer
inter-surface, respectively

Wim, Wsm, Wfl power dissipation due to internal
deformation, internal shear of the
mid-layer and friction at the mid-
layer/sleeve surface, respectively
power dissipation due to internal
deformation, internal shear of the
sleeve and friction at the die surface,
respectively

yield stress of the sleeve, mid-layer
and core, respectively

functions of (S, R, L), (Pm» Rem» L)
and (f¢, Ry, L), respectively

first derivative of functions Z, Z,,, Z.
with respect to y, respectively

WiS7 WSS7 Wfd

Yss» Ysm ’ szC
Zs, L, Zc

OZ0y, OZunfD,
0Z.1d,

Greek symbols
o semi-die angle

I, I’y surface of shear velocity discontinu-
ities and friction, respectively

0, 4, Bs, Pm» Pc  Optimization parameters introduced
in the velocity fields

0o, & the yield stress and effective strain
rate of the materials, respectively

he(y) angle of a surface of geometric
symmetry

g, Dy, D angular velocity of the sleeve, mid-
layer and core, respectively

0wy first derivative of the angular velocity

of sleeve with respect to ¢

Each layer of the rod has a circular cross-section before
extrusion. Following extrusion, the die used dictates the
cross-sectional shape of the composite clad rod. In this study,
the authors thoroughly examine a non-axisymmetric product
with a hexagonal cross-section. For simplicity, the following
assumptions are made to establish a three-dimensional velo-
city field that describes the materials flow in each layer:

1. All constituent layers of the rod are made of isotropic,
homogeneous, and rigid—plastic materials.

2. The die is assumed to be rigid throughout the extrusion

process.

Heat affect are neglected in the analysis.

4. Plastic deformation occurs only within zones bounded by
the die entrance plane (A-A'), the die exit plane, (B-B')
and the die surface, as indicated in Fig. 2. Before entering
the die, the composite clad rod moves as a rigid body with
the same velocity Vj, in the extrusion direction; whilst
after extrusion, each layer of the composite clad rod
may move with different velocity Vg, Vi, and Vi if non-
homogeneous deformation occurs.

5. The core and the mid-layer remain circular after extrusion
while outer sleeve cross-section is completely defined
by the die profile. During the analysis, the material cha-
racteristics determine the interfacial boundaries.

bt
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Fig. 1. Schematic representation of the extrusion of a three-layer
composite clad rod with a hexagonal cross-sectional profile.

Fig. 2 illustrates a three-layer composite clad rod that is
being extruded through a linearly converging die. Each
constituent layer has its own material characteristics,
accounting for why a particular velocity field must be
developed for each layer. Initially, the polar coordinate
system (r, ¢, y) is imposed with its origin selected at the
center of the billet at the die entrance plane. The y-axis is
aligned with the extrusion axis. Before entering the die
entrance, the billet is pushed forward, each layer of the
composite rod moving with the same entrance speed V.
After entering the die entrance plane, the composite rod
starts to deform. Herein, for each constituent layer, a convex
distributed non-uniform V, with specific parameter f;, i,
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Fig. 2. Velocity components in the extrusion direction (the y-axis).

B, is introduced to control its convexity. On the other hand, a
rotational velocity component V, exists since the outer
sleeve experiences non-axisymmetric deformation. Further-
more, it is assumed that Vy is linearly distributed over the
radius, ie. V4 =ro(¢,y). At the same time the angular
velocity w¢ (¢, ), @m(¢h, y) of the core and the mid-layer are
zero owing to the core and the mid-layer remaining circular
after extrusion, and thus both are axisymmetrical. In addi-
tion, the three-dimensional admissible velocity fields for
the core, the mid-layer, and the sleeve can be derived with
the assistance of incompressibility of materials or constant
volume flow. These results are summarized below.
(a) Velocity of the sleeve:

vys(r’d),y) :Ds(ra¢vy)Us(y) (D
V(f)s(r’¢ay) = rws(d>,y) (2)
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- { 22 20007
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(b) Velocity of the mid-layer:

Vym(r7¢7y) :Dm(r7¢>)’)Um(y) (7
Vm(r, @,y) = rom(¢,y) =0 (8)
Vrm(’"a (,2')7)1)
_ rdUaly) | P OUn(y) OZn($,y)
1 Rﬁc((f),y) aUm(y) 3Zm(¢>7y)
- { 4 Zn(,y) Ty + Un(y) ay}
R%(¢,y) OUn(y)
2 Oy
8RSC )
- vym(RsC(d)ay)a(bvy)RsC(d)ay)%} (9)
Here
o ARy -Y)
Dm(r,d>,y) =1 —mr s
_ABwy(L—Y)
Zn(,y) = W (10)
Unly) = VoS3 VR, (¢,0)—R2., 0] dgp
m fod): o) [Rgm(d)’y) _Rgc(¢7y) —Zun($,Y) R?m([buV);R?c((/)‘y) d¢
(11)
(c)Velocity of the core:
Vye(r,d,y) = Dc(r, ¢, y)Uc(y) (12)
Vq‘)c(r,d)?y):rwc(d)?y):o (13)
Vrc(ra ¢7y)
. rauy) AU.(y) 0Z($,y)
=29 '3 [Zc(¢>,y) oy T Ue(y) Ty]
(14)

Here

Du(rd) = 1 = s

Z(¢,y) =% )
Vo iR (4,0) d¢ (16)

U y) = 4
O [RL.) - 2.0 2 a9

Herein, the velocity components for the core, the mid-layer
and the sleeve in the extrusion axis, Vy., V,y and V,, are
assumed to consist of a uniform component U, U,,, U, and
a non-uniform component Dy, D,,,, D, respectively. Notably,
Ri(¢, ¥), Ram(¢, ¥) and Ry (¢, y) are functions that describe
the die surface, the mid-layer/sleeve and the core/mid-layer
inter-surfaces, respectively. In the case of a linearly conver-

ging die, the following equations represent these functions:

Ra(,3) = {Ro = (R0 Re(9))3] | a7
Ron(6,3) = {Ruo = [(Ruo — Ru)7] } (18)
Ree(9,3) = {Reo = [(Reo — Re) 7|} (19)

In the above equations, Ry, R, and Ry denote the radius of
the sleeve, the mid-layer and the core before extrusion,
respectively. During the extrusion process, since the core
and the mid-layer are assumed to retain a circular cross-
section, R,r and R.¢ are the radius of the mid-layer and of the
core after extrusion, respectively. In addition, R; is the
dimension of the hexagonal length after extrusion as shown
in Fig. 3. where L denotes the die length. One characteristic
of this velocity field is that each velocity component can be
directly calculated once the functions R (¢, y), Ram(&,y),
Ry (¢p,y) are defined. During the analysis, constant fric-
tion factors ml, m2 are adopted to calculate the friction
energy loss on the core/mid-layer and mid-layer/sleeve
inter-surfaces, respectively.

Entry of plastic deformation zone

Fig. 3. Extrusion die for a hexagonal cross-section.
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3. Optimal parameters

As mentioned earlier, each constituent layer may not
deform homogeneously owing to their dissimilar mechan-
ical properties. Under these circumstance, the reduction of
each constituent layer may be different from that of the
others. Thus, the exit radius ratios of the core/sleeve and
mid-layer/sleeve differ from those of the assembled billet.
Herein, parameters J, A are introduced to account for this
non-homogeneous deformation, i.e.:

(1+ 8)As]"*Runo oo _ [+ DA, 2Ry
RO ) cf — p RO
(20)

Rmf|:
Y

where A, is the area of sleeve at the die exit.

Minimizing the total extrusion power determines the value
of parameter J, 4. On the other hand, non-uniform velocity
components in the y-axis, Dy(r, ¢, y), Du(r, ¢, y), D(r, ¢, y)
are specified by the parameters f, B, fe, respectively.

Obviously, V\'S(rad)ay) = Us(y), Vym(r,qﬁ,y) = Un(y),
Vie(r,¢,y) = Uc(y) at y =0, L. Restated, the velocity
components in the y-axis for all layers in both the die
entrance and the die exit are uniformly distributed. Only
in the plastic deformation zone, can Dy(r, ¢, y), Di(r, ¢, y)
and D.(r, ¢, y) be non-zero functions. Thus 9, 4, s, B, P
are considered as optimal parameters and their values are
optimized mathematically by minimizing the total power J
consumed in the extrusion process.

4. Power consumption

While extruding a hexagonal three-layer composite clad
rod, the power consumption includes the power deemed
necessary to overcome the resistance to deformation of the
sleeve, the mid-layer and the core, Wis, Wim, Wic; the shear
power losses, WSS, Wsm,WSC over boundaries of velocity
discontinuities (slip), A-A’, B-B’; and frictional power
consumed along the die surface, the mid-layer/sleeve and
the core/mid-layer inter-surfaces, Wgq, W1, Wr,. This power
consumption can be estimated by integrating the strain rate
and the yield stress over the entire deformation volume.
Each strain rate can be readily calculated from the velocity
field formulated above. The formulations for the above
mentioned power items are expressed as follows:

Wi = O'()é dv (21)
VP

W, = / iaoAvp ds (22)
V3 '

. m

Wf = /Ff7§0'0AVrf dA (23)

where g denotes the yield stress of the constituent materi-
als; € represents the effective strain rate of the materials; V,,

the volume of the plastic deformation region; AV, denotes
the relative slip velocity at velocity discontinue surfaces;
m represents the friction factor; and AV, the relative slip
velocity at frictional surfaces.

5. Results and discussion

This study closely examines the extrusion of hexagonal
three-layer composite clad rods from round billets. All of the
dies used in the analysis are linearly connected and equi-
angularly divided, as indicated in Fig. 3. Herein, a semi-die
angle is defined as the angle of die surface inclination.

Fig. 4 depicts the extrusion pressure required under
several reduction ratios (RA) against semi-die angles.
According to this figure, the pressure required becomes
larger at small the semi-die angle. With an increasing
semi-die angle, the extrusion pressure gradually decreases
and then reaches a minimum. Beyond this angle, the extru-
sion pressure increases with further increase in semi-die
angle. This tendency suggests that an optimal semi-die angle
exists for the extrusion of a hexagonal three-layer composite
clad rod. With small die angles, the lengths of contact
between the billet and die are longer, causing significantly
high friction losses, whilst with large die angles, although
the die lengths are reduced, the internal deformation
becomes a predominant factor. For the working conditions
illustrated in this figure, the extrusion pressures are mini-
mum at semi-die angles between 10° and 20°.

Fig. 5 depicts how the semi-die angle influences the exit
radius of mid-layer, R . In this case, the core has the highest
yield stress, while sleeve has the lowest in the combination
of the billet. Thus, the core is more resistant to deformation.
In an extreme situation, the core acts as a mandrel, parti-
cularly at larger die angles, where the plastic flow is more
severe. Therefore, the exit radius of the mid-layer tends to
increase with an increase in semi-die angle, while at a smaller
semi-die angle, the die angle does not affect Ry.
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Fig. 4. Affects of the semi-die angle on the extrusion pressure.
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Fig. 5. Affects of the semi-die angle on the exit radius of the mid-layer.

Fig. 6 plots the normalized extrusion pressure against the
semi-die angle under three different die surface friction
conditions. This figure indicates that the normalized extru-
sion pressure generally increases with an increase in friction
factor. For the case where the friction factor is zero, no
optimal semi-die angle exists, the reason being that when the
frictional power is zero, the total extrusion pressure consists
only of that for internal deformation and shear losses.

Fig. 7 displays parameter f§; which describes the degree of
non-uniformity of velocity component V,, against the semi-
die angle. A larger positive value of f§; implies that V,, has a
more prominent concavity distribution. In addition, a larger
die surface friction factor implies a more sticky die surface.
Under these circumstance, material flow along the extrusion
axis is thus retarded on the die surface; therefore, f3; is larger.
For a larger semi-die angle, while other process variables
remain the same, the deformation is more severe. Moreover,
the deviation of the velocity component along the extrusion

’c')\ 4,50 TTTT ‘ TTTT ‘ TTTT LI ‘ TTTT ‘ LU ‘ TTTT ‘ TTT TTTT
9 [ m=02 Rmo/Ro= 0.5 7
;i) '\ Rco/Ro=10.3

= 4.00— \ Yss/Ysm/Ysc=1/2/3 —
-’ \ R.A.= 79.33%

L \

= r \ ]
% 3.50 N \\ -
A~ Cm=0.1m /'//: E
= L N ./ i
S N SR S //’/ A

g 300 - \ P
i e
= L AT il
o /*/

% 250 n = 0'0*//{_“/ s
= —

= L i
Z 2.00 Ll \ Ll \ I \ Ll \ | \ Ll \ Ll \ L1t { [

0 5 10 15 20 25 30 35 40 45
SemiDie Angle (Qt)

Fig. 6. Affects of friction factor of the die on the extrusion pressure.
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Fig. 7. Affects of semi-die angle of the die on f.

axis for a greater semi-die angle exceeds that for a smaller
semi-die angle. Thus, f; increases with an increase in the
semi-die angle. However, for an angle smaller than 20°, f
approaches zero, i.e. the velocity component Vi is almost
uniform across the whole section.

Fig. 8 relates to two composite clad rods with different
strength combinations. One of the clad rods has a harder
sleeve and a softest mid-layer. whilst the other has a softer
sleeve and a harder core. The fact that the volume of sleeve is
the larger in both of the rods accounts for why a greater yield
stress of the sleeve implies a greater extrusion pressure, as
shown in Fig. 8.

Fig. 9 demonstrates that the strength-combination condi-
tions affect the exit radii of the mid-layer and the core. For
Yss/Ysm/Yse = 3/1/2, the mid-layer and the core are more
easily deformed, particularly at larger die angles where
plastic flows are more severe. Therefore, the exit radius
tends to decrease with an increase in the semi-die angle.
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Fig. 8. Affects of the combination of the three-layer constituent materials
on the extrusion pressure.



C.W. Wu, R.Q. Hsu/Journal of Materials Processing Technology 123 (2002) 47-53 53

0.30"[[[! !l\!!‘!\TT‘T\\I[T\!!‘I!!!\\I!\\!\
C Rmo/Ro=0.5,Rco/Ro=10.3 i
Fom=00,ml=1.0,m2=1.0 e
025 = pA=7933% A |
B S = e e
0.20 — Ref *- T
F
el
S [ ]
& 0.15 U
= [ &= = — — ]
s [ Rmf e o
0.10 - F+ Yss/Ysm/Ysc= 1723 ]
F © @ Yss/Ysm/Yse=3/1/2 A
0.05 - ]
0,00'XII\L l,llLL‘llll‘,l\\l\l\llllltl\llll\lllli
0 5 10 15 20 25 30 35 40 45

Semi Die Angle (O
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on the exit radius.

On the other hand, for yield stress combination of
Yos/Ysm/Yse = 1/2/3, the exit radii of mid-layer and the
core are quite steady against semi-die angle. However, when
the semi-die angle exceeds 30°, these radii have a tendency
to increase. Importantly, the deviation of either R or R ¢
from the dashed line denotes the degree of non-homoge-
neous flow of the billet.

Fig. 10 displays the non-homogeneity of the plastic flow
of the billet. Owing to the billet being comprised of three
materials, velocity differences exist in the core/mid-layer
and in mid-layer/sleeve inter-surfaces. Only the larger velo-
city difference is selected for explanation in Fig. 10. Herein,
the exit velocity difference of the two combinations of billets
is shown against the semi-die angle. For Y /Yn/Ys =
1/2/3, the exit velocity difference is nearly zero at angles
smaller than 30°, i.e. the deformation of the billet is
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Fig. 10. Affects of the combination of the three-layer constituent materials
on the exit velocity difference.

homogeneous. At angles larger than 30°, the exit velocity
difference increases rapidly, indicating the tendency for
unsound extrusion. On the other hand, for Y /Ysm/Ys =
3/1/2, the exit velocity difference increases with semi-die
angle, and almost no homogeneous flow exits.

6. Conclusions

This work presents a three-dimensional kinematically
admissible velocity field for the extrusion of a hexagonal
three-layer composite clad rod. Also examined herein are
factors that dominate the deformation pattern of the rod,
including the semi-die angle, friction on the die surface, the
strength combinations of the constituent materials and the
reduction of area of the billet. Based on the results presented
herein, the following can be concluded.

1. For a semi-die angle between 10° and 20°, the extrusion
pressure required is the lowest.

2. A higher frictional factor promotes a non-uniform
velocity distribution in the extrusion direction (f
increases).

3. Combining the three-layer composite clad rod with the
hardest core/softest sleeve is highly desirable for
extrusion.

4. The proposed model can be applied to the extrusion of a
composite clad rod with an irregular cross-section if a
function can mathematically express its cross-sectional
profile.
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