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Abstract As a new attempt, ball spinning was used to man-
ufacture a composite tube of copper and aluminum. The inter-
face compatibility of the composite tube during ball spinning
was investigated by combining finite element method with
process experiment. The experimental results are in good
agreement with the simulated ones. When the composite tu-
bular blank which is composed of inner aluminum tube and
outer copper tube is subjected to ball spinning, the composite
tube keeps a good synchronism in terms of plastic deforma-
tion. When the composite tubular blank which consists of
inner aluminum tube and outer copper tube undergoes ball
spinning, the composite tube keeps a poor synchronism in
terms of plastic deformation. The phenomenon indicates that
the yield strength of the inner and outer tubes plays a signif-
icant role in the interface compatibility during ball spinning of
the composite tube. According to the experimental and simu-
lated results, the interface compatibility of the composite tube
during ball spinning should meet the following requirements,
including boundary condition of admissible velocity field,
geometrical condition of composite tubular blank, steady flow
condition of surface metal, and plastic yield condition of com-
posite tube.
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1 Introduction

A composite tube, which is also called bimetallic tube or clad
tube, is generally composed of two kinds of different metal
materials. A composite tube is superior to a single tube made
from the same metal material in terms of property and cost. In
general, a composite tube can be manufactured by means of two
methods, including metallurgical bonding and mechanical bond-
ing. It is accepted generally that metallurgical bonding is based
on atomic bonding between two metal materials. However, me-
chanical bonding is a term always used for mechanical locking
of the contact surfaces of two metal materials as a result of
surface roughness. The metallurgical bonding method contrib-
utes to enhancing the interface strength of a composite tube since
it is able to implement the atomic diffusion bond between the
two tubes. For example, the compound casting process becomes
a representative candidate for fabricating the composite tube on
the basis of metallurgical bonding methods as proposed by Jiang
et al. [1]. However, the complicated process and the high cost
impede the application of metallurgical bonding method in the
engineering field. Mechanical bonding method is mainly based
on plastic deformation and it has attracted more and more atten-
tion due to the simple process and the low cost. So far, many
researchers have devoted themselves to manufacturing the com-
posite tube by means of metal forming techniques. Knezevic
et al. [2] fabricated the bimetallic tube of copper and aluminum
by means of extrusion. Wang et al. [3] manufactured the bime-
tallic CRA-lined pipe, which has a liner pipe made of corrosion-
resistant-alloy (CRA) and an outer pipe made of low-cost steel,
by virtue of hydro-forming. However, the less plastic deforma-
tion degree leads to the weak interface bonding strength, so large
plastic deformation plays an important role in enhancing the
interface bonding strength of a composite tube. Consequently,
the processes used for manufacturing a composite tube occur on
the basis of high energy forming and large plastic deformation.
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Guo et al. [4] successfully produced aluminumy/steel clad tube
with good bonding interface by means of explosive welding
process. Yu et al. [5] manufactured Al-cladded mild steel tube
with interfacial diffusion zone by virtue of magnetic pulse clad-
ding process. Lapovok et al. [6] proposed a high-pressure tube
twisting process leading to ultrafine-grained microstructure,
which contributes to producing bimetallic tubes with a high-
quality bonding interface.

As one of the near-net shape forming processes, metal
spinning have been widely used for manufacturing axis-sym-
metrical, thin-walled, and hollow circular cross-section parts
by exerting continuous and local plastic deformation on the
sheet blank or tube blank as claimed by Xia et al. [7]. Power
spinning, including shear spinning and tube spinning, manu-
factures the workpiece by changing the thickness of the blank.
Ma et al. [8] manufactured the conical part with transverse
inner rib by means of shear spinning. Haghshenas et al. [9]
fabricated AISI 1020 steel workpiece with longitudinal inter-
nal ribs by means of a single-roller spinning forming over a
splined mandrel. Ma et al. [10] selected appropriate ductile
fracture criteria based on damage limit to accurately predict
forming limit and damage evolution in tube spinning. Shan
et al. [11] applied backward tube spinning to manufacture Ti-
6Al-2Zr-1Mo-1V alloy tube and they investigated the evolu-
tion of the resultant texture and microstructure. In the recent
study, metal spinning is also used to manufacture a composite
tube. Mohebbi and Akbarzadeh [12] produced two-layered
thin-walled Cu-Al composite tubes by means of tube spinning
process, where severe shear strain plays an important role in
enhancing the interface bonding strength of the composite
tubes.

As a class of power spinning, ball spinning is the best
candidate for manufacturing the thin-walled tube with high
precision and high strength. Jiang et al. [13] applied ball spin-
ning to manufacturing thin-walled aluminum alloy tube with
longitudinal inner ribs. Furthermore, Jiang et al. [14] also
manufactured NiTi shape memory alloy tube by virtue of ball
spinning. Zhang et al. [15] manufactured the inner grooved
copper tube with the aid of ball spinning. Kuss and Buchmayr
[16] developed the ball spinning expansion process in order to
manufacture lightweight austenite stainless tube.

In the present study, ball spinning is used to manufacture a
composite tube of copper and aluminum, where the emphasis
is laid on investigation of interface compatibility on the basis
of'ball spinning experiment and finite element method (FEM).

2 Experimental conditions
2.1 Spinning mode

The backward ball spinning was adopted in order to manufac-
ture the composite tube of copper and aluminum, as shown in
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Fig. 1. The deformation zone is caused to be in a three-
dimensional compressive stress state, which contributes to
enhancing the workability of the metal material. The spinning
tools are composed of spinning head and mandrel, where the
spinning head consists of screw tube, outer die ring, bolt, and
inner die ring. The spinning head was fixed in the chuck of the
spinning lathe and turned with the principal axis of the spin-
ning lathe during backward ball spinning. At the same time,
the composite tubular blank was mounted on the mandrel and
fed with the mandrel along the axial direction. Furthermore,
the tapered inner surface is formed in the inner die ring. The
gap between the balls and the mandrel can be changed by
adjusting the axial position of the screw tube. As a conse-
quence, the different wall thickness reduction can be imple-
mented during ball spinning.

2.2 Spinning material

The composite tubular blanks used for spinning material are
made up of commercial pure copper tube and pure aluminum
tube, where the yield strength of copper tube is 430 MPa and
the yield strength of aluminum tube is 146 MPa. Two kinds of
composite tubular blanks were selected as spinning materials,
as shown in Fig. 2. One kind of composite tubular blank is
composed of the inner copper tube and the outer aluminum
tube, where the inner copper tube possesses the length of
65 mm, the inner diameter of 24 mm and the wall thickness
of 1 mm, while the outer aluminum tube possesses the length
of 65 mm, the inner diameter of 26 mm and the wall thickness
of I mm. The other kind of composite tubular blank is com-
posed of the inner aluminum tube and the outer copper tube
and its dimension is identical to that of the aforementioned
composite tube except that the corresponding material is re-
versed. For the sake of convenience, in the following context,
the composite tube made of an inner copper tube and an outer
aluminum tube is expressed as a Cu-Al composite tube. Vice
versa, the other composite tube is expressed as an Al-Cu

1 2 3 4 5 6 7 8 9

T

Fig. 1 Schematic diagram of backward ball spinning of a composite
tube: / screw tube, 2 outer die ring, 3 bolt, 4 outer tube, 5 inner die
ring, 6 ball, 7 inner tube, 8 stripper, 9 mandrel
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Fig. 2 Composite tubular blank used for backward ball spinning: a
composite tube of an inner copper tube and an outer aluminum tube, b
composite tube of an inner aluminum tube and an outer copper tube

composite tube. Furthermore, both the inner surface of the
outer tube and the outer surface of the inner tube were brushed
before the composite tubular blank was assembled.
Simultaneously, the composite tubular blank was assembled
by means of interference fit before ball spinning.

2.3 Spinning parameters

The involved process parameters during backward ball spin-
ning were as follows. The feed ratio of the balls was 0.6 mm/t
and the diameter of the balls was 18 mm. The wall thickness
reduction was 0.6 mm. The number of the balls can be deter-
mined as seven according to the reference [17].

3 Finite element model
3.1 Fundamentals of rigid-plastic FEM

Rigid-plastic FEM is used for simulating ball spinning of a
composite tube of copper and aluminum. Rigid-plastic FEM is
based on the variational principles. The functional 7 is
established as follows according to the plastic deformation
body along with the incompressibility condition.

2
™= / FEdV + / Sl v / FadS (1)
14 V2 S

Where Vand S is the volume and the surface of the plastic
deformation body, respectively, @ is the equivalent stress that

Fig. 3 Finite element model of Ball
backward ball spinning of
composite tube

is the function of the equivalent strain g, € is the equivalent
strain rate, F; is the surface tractions, u; is the velocity field, €
is the volume strain rate, and « is the penalty factor that is a
very large positive constant and in general ranges from 10° to
10".

Among admissible velocities that satisfy the conditions of
compatibility as well as the velocity boundary conditions, the
actual solution makes the first-order variation of the functional
7 vanish, namely:

o = / ooedV + a/ évc%vdV—/ FioudS=0 (2)
% % s

Eq. (2) is the basic equation for the finite element
discretization.

3.2 Finite element model

DEFORM-3D finite element code is used to simulate backward
ball spinning of the composite tube. Finite element model of
backward ball spinning of the composite tube is shown in
Fig. 3, where seven balls are adopted according to the actual
spinning experiment. The dimensions of the cross-section of the
mandrel are identical to those in the experiment. The balls have
a feed movement along the axial direction as well as a revolu-
tion movement along the circumferential direction, but the man-
drel is constrained. The composite tubular blank possesses the
free surface at the entrance end of the balls, while the tube blank
possesses the constrained surface at the exit end of the balls. In
addition, the interface between the inner tube and the outer tube
can be considered as the relative movement surface. The fric-
tional coefficients between the inner tube and the outer tube,
between the inner tube and the mandrel, and between the outer
tube and the balls are determined as 0.8, 0.12, and 0.08, respec-
tively. The feed ratio of the balls is 0.6 mm/t, and the diameter
of balls is 18 mm. The composite tubular blank with a length of
15 mm is used as finite element model, where the other dimen-
sions are the same as those in the ball spinning experiment. The
wall thickness reduction per pass is 0.6 mm. The outer tube
consists of 55,580 elements and 16,264 nodes, while the inner
tube is composed of 69,523 elements and 18,320 nodes.

Mandrel

Composite tubular blank
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Fig. 4 Stress fields of Al-Cu (a) 1.00e+003 (b) .

composite tube derived from l

finite element simulation of ball 8.57e+002

spinning: a effective stress, b 7.14e+002

radial stress, ¢ tangential stress, d ’

axial stress 5.71e+002 |
4.29¢+002
2.86e+002
1.43e+002
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4 Results and discussion
4.1 Finite element simulation results
4.1.1 Ball spinning of an Al-Cu composite tube

Figures 4 and 5 show the stress field and the strain field of an Al-
Cu composite tube derived from finite element simulation of ball
spinning. It can be found from the effective stress distribution in
Fig. 4 that the effective stress decreases gradually from the outer
copper tube to the inner aluminum tube. Furthermore, it can be
seen from the effective strain distribution in Fig. 5 that the effec-
tive strain decreases gradually from the outer copper tube to the
inner aluminum tube, which reveals that the larger plastic defor-
mation appears on the outer copper tube, while the less plastic
deformation arises on the inner aluminum tube. It can be con-
clude that plastic strain distribution plays an important role in
describing the level of plastic deformation during ball spinning
of the composite tube. The phenomenon indicates that the outer
copper tube of the composite tube satisfies plastic yield criterion
more easily. In addition, the stress distribution in the entire thick-
ness of outer copper tube and inner aluminum tube at a specific
longitudinal section at a specific moment can be regarded as a
function of the position of the balls at that moment. It can be
observed from the radial stress field, the tangential stress field,
and the axial stress field that the deformation zone before the
balls is basically caused to be in a three-dimensional compressive
stress state in the outer copper tube and the inner aluminum tube.

Fig. 5 Strain field of Al-Cu (a)
composite tube derived from

finite element simulation of ball
spinning: a effective strain, b

radial strain, ¢ tangential strain, d

axial strain

2.14e+000
1.79e+000
1.43e+000 |
1.07e+000
7.14e-001
3.57e-001

0.00e+000
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However, the different stress distributions are imposed in the
deformation zone of the outer copper tube and the inner alumi-
num tube right under the balls because there exists a friction
between the outer copper tube and the inner aluminum tube.
Furthermore, the interface between the outer copper tube and
the inner aluminum tube is characterized by a material disconti-
nuity. As a consequence, the tangential and longitudinal incom-
patibility between the outer copper tube and the inner aluminum
tube would lead to a pair of opposite stresses in the two layers of
tubes adjacent to the interface, where the tension stress is induced
in the outer copper tube, while the compression stress is imposed
in the inner aluminum tube. The phenomenon is attributed to the
fact that there is a relative movement between the outer copper
tube and the inner aluminum tube, which has an adverse influ-
ence on the interface compatibility between the outer copper tube
and the inner aluminum tube.

It can be found from the radial strain field, the tangential
strain field, and the axial strain field in the plastic deforma-
tion zone in Fig. 5 that the radial strain and the tangential
strain are characterized by the compressive strain, while the
axial strain belongs to the tensile strain. The compressive
strain in the radial direction and the tensile strain in the axial
direction contribute to the plastic flow of the metal material.
However, the build-up of metal material on the surface of
the composite tube occurs when the deformation zone is
highly constrained in the tangential and axial directions
[18]. In particular, when metal material builds up on the
surface of the composite tube, the radial strain before ball

2.00e-001 o (©) 700e-002 m (D 4.00e-001 .
1.14e-001 . 5.00-002 3.43¢-001
2.86¢-002 ) 3.00e-002 2.86e-001
-5.71e-002 | | 1.00e-002 B 2.29¢-001 ||
-1.43¢-001 | -1.00e-002 1.71-001
-2.29¢-001 3.006-002 1.14e-001
-3.14¢-001 -5.000-002 5.71e-002
-4.00e+001 -7.00¢+002 0.00e+000
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belongs to the tensile strain, which has an adverse influence
on the quality of the composite tube.

4.1.2 Ball spinning of a Cu-Al composite tube

Figures 6 and 7 show the stress fields and the strain fields of a
Cu-Al composite tube derived from finite element simulation of
ball spinning, respectively. Compared with an Al-Cu composite
tube, the distribution of the stress and the strain in the deforma-
tion zone exhibits a certain similarity during ball spinning of a
Cu-Al composite tube. However, in the case of interface com-
patibility, there exists an obvious difference between an Al-Cu
composite tube and a Cu-Al composite tube. In particular, as for
the Cu-Al composite tube, the inner copper tube is almost not
subjected to plastic deformation, which is attributed to the fact
that the spinning force is unable to be transmitted to the inner
copper tube by means of the outer aluminum tube such that the
inner copper tube does not meet the requirement for plastic
yield criterion. As a consequence, only the outer aluminum tube
is subjected to elongation deformation due to plastic yield,
which has an adverse influence on the interface compatibility
between the inner copper tube and the outer aluminum tube.

4.1.3 Prediction of spinning loading of Cu-Al and Al-Cu
composite tubes

The spinning force during ball spinning of the composite tube
can be divided into three spinning force components,

Fig. 7 Strain field of Cu-Al (@) gy 2.50e+000__ (b)

composite tube derived from I

finite element simulation of ball 2.14e+000

spinning: a effective strain, b 1.79e+000

radial strain, ¢ tangential strain, d ’

axial strain 1.43e+000(
1.07e+000
7.14e-001
3.57e-001 !
0.00e+000

including the radial spinning force component, the tangential
spinning force component and the axial spinning force com-
ponent. Figure 8§ indicates the prediction curves of spinning
loading of Cu-Al and AI-Cu composite tubes obtained by
means of finite element simulation. It can be observed from
Fig. 8 that the three spinning force components increase with
the progression of the stroke of the ball in the form of the
periodical variation. In particular, the spinning force compo-
nents in the Al-Cu composite tube are much greater than the
corresponding ones in the Cu-Al composite tube. The phe-
nomenon further demonstrates that in the case of ball spinning
ofthe Al-Cu composite tube, the inner aluminum tube, and the
outer copper tube are subjected to plastic deformation such
that a great deal of plastic work is consumed.

4.2 Experimental results of ball spinning

Figure 9 shows the Al-Cu composite tube and the Cu-Al com-
posite tube obtained by means of ball spinning experiment. It
can be found from Fig. 9 that the experimental results are in
good agreement with the simulated ones. As for the Al-Cu
composite tube, the inner aluminum tube, and the outer copper
tube keep a good synchronism in terms of plastic deformation.
However, in the case of the Cu-Al composite tube, the outer
aluminum tube possesses the greater axial elongation com-
pared with the inner copper tube. The phenomenon indicates
that the yield strength of the inner and outer tubes plays a
significant role in the interface compatibility during ball

5.00e-001 I (C)‘. 5.00e-002 (d)-, 7.00e-001 I
3.14e-001 ' 3.57e-002 | 5.57e-001
1.29¢-001 | 2.14e-002 4.14e-001
-5.71e-002 7.14e-003 | 2.71e-001 |
-2.43e-001 -7.14¢-003 1.29¢-001
-4.29¢-001 | -2.14e-002 | -1.43e-002
-6.14¢-001 | -3.57e-002 -1.57¢-001
-8.00e-001 | -5.00e-002 -3.00e-001

@ Springer



688

Int J Adv Manuf Technol (2017) 88:683-690

Fig. 8 Prediction of spinning (a) (b)
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spinning of the composite tube. It can be noted from the afore-
mentioned spinning materials that the yield strength of the
copper tube is much higher than the one of the aluminum tube.
Therefore, when the Al-Cu composite tube undergoes ball
spinning, the plastic yield of the outer copper tube leads to
the plastic yield of the inner aluminum tube. However, when
the Cu-Al composite tube suffers from ball spinning, the outer
aluminum tube is subjected to plastic yield prior to the inner
copper tube such that the inner copper tube is almost unable to
be subjected to plastic yield. Furthermore, when the Al-Cu
composite tube is subjected to the larger ball spinning stroke,
the inner aluminum tube is slightly longer than the outer cop-
per tube, as shown in Fig. 10. The phenomenon indicates that
the interface compatibility of the composite tube of copper
and aluminum is also dependent on the other parameters,
which are out of the scope of the paper.

4.3 Requirements for interface compatibility of a spun
composite tube

In the present study, the Al-Cu composite tube and the Cu-Al
composite tube are selected as the spinning materials, where

Fig. 9 Composite tubes obtained by means of ball spinning experiment:
a Al-Cu composite tube, b Cu-Al composite tube

@ Springer

the spinning material can be regarded as the only variable. As
a matter of fact, the quality of the composite tube is influenced
by many other factors, such as feed ratio, ball size, wall thick-
ness reduction, geometry of tubular blank, friction condition,
and so on. As a whole, the interface compatibility of the com-
posite tube during ball spinning should meet the following
requirements.

4.3.1 Boundary condition of admissible velocity field

Before ball spinning, the composite tubular blank is assem-
bled on the basis of interference fit. In other words, the inner
tube and the outer tube are bonded together by means of elas-
tic and plastic deformation, where there is not relative move-
ment between the inner tube and the outer tube. Therefore, the
inner tube and the outer tube keep the same axial feed velocity
as the mandrel. Furthermore, it can be assumed that the inner
tube and the outer tube are bonded together after ball spinning,
where there is not relative movement between the inner tube
and the outer tube as well. As a consequence, to guarantee the
interface compatibility of the composite tube during ball spin-
ning, where there is not relative movement between the inner
tube and the outer tube before and after ball spinning, velocity
boundary condition of the composite tube should meet the
following expression.

V1 = V3, V2 = V4 (3)

where the corresponding parameters have been interpreted in
Fig. 11.

Fig. 10 Al-Cu composite tube subjected to longer ball spinning stroke
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Deformation zone

Mandrel

Fig. 11 Velocity boundary condition of the composite tube subjected to
ball spinning, where V; and V; stand for the velocities at the entrance and
exit ends of the inner tube, V3andV, for the velocities at the entrance and

4.3.2 Geometrical condition of composite tubular blank

In the course of ball spinning of the composite tube, the metal
material is regarded as incompressibility. In other words, the
composite tube must meet the requirement for volume con-
stancy in the plastic deformation. For a given spinning time ¢,
the geometrical condition of the composite tubular blank
should satisfy the following expression.

%n(Réfan)Vg = %n(R%an)w

%n(Ré—R%)Vﬂ = %n(Rf—Rg) Vat (4)
I

2

n(R3-R,)Vit = %n(R%—an)Vzt

where the corresponding geometrical parameters have been
described in Fig. 11.

By combining Eq. (3) with Eq. (4), the following expres-
sion can be obtained.

Ri-R, R-R _R-R
RR R RER

(5)

As a consequence, Eq. (5) stands for the geometrical con-
dition of the composite tubular blank for guaranteeing the
interface compatibility during ball spinning.

4.3.3 Steady flow condition of surface metal

It can be noted that Eq. (5) is established on the basis of
volume constancy in the plastic deformation of metal material.
Therefore, in the case of ball spinning of the composite tube, it
is necessary to lead to the steady flow of metal material on the
surface of the outer tube in order to guarantee the interface
compatibility of the composite tube. As a consequence, the
attack angle o should meet the following expression.

d—2(Ry—R
o= arccos% < o (6)

exit ends of the outer tube, R and R, for the outer radius of the outer tube
at the entrance and exit ends, R, and R; for the outer radius of the inner
tube at the entrance and exit ends, R, for the radius of the mandrel

where d is the diameter of ball, and « is the critical attack
angle, above which the steady flow of metal material on the
surface of the outer tube cannot take place. In other words, if
a>a,, Eq. (5) shall not be fulfilled such that the interface
compatibility of the composite tube is unable to be satisfied.

4.3.4 Plastic yield condition of composite tube

It can be found from the aforementioned experimental and
simulated results that plastic yield of the inner tube and the
outer tube plays an important role in the interface compatibil-
ity of the composite tube in the course of ball spinning. In
other words, the inner tube and the outer tube are simulta-
neously subjected to plastic yield in order to guarantee the
interface compatibility of the composite tube. Accordingly,
three principal compressive stresses, which are located in the
deformation zone of the inner tube and the outer tube of the
composite tube, meet the Mises yield criterion as follows.

(01=02)" + (02-03)* + (03—01) = 20} (7)

Simultaneously, yield strength of the inner and the outer
tubes meet the following requirement.

Oso0 > Osi (8)

where oy, is the yield strength of the outer tube and oy; is the
yield strength of the inner tube.

5 Conclusions

1. Ball spinning of two kinds of composite tubes, including
the Al-Cu composite tube and the Cu-Al composite tube,
were simulated on the basis of rigid-plastic finite element
method. Finite element simulation results indicate that
two kinds of composite tubes exhibit a certain similarity
in the distribution of the stress and the strain in the defor-
mation zone. However, in the case of interface
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compatibility, there exists an obvious difference between
the Al-Cu composite tube and the Cu-Al composite tube,
where as for the Al-Cu composite tube, the inner alumi-
num tube, and the outer copper tube keep a good synchro-
nism in terms of plastic deformation.

Ball spinning of two kinds of composite tubes, including
the Al-Cu composite tube and the Cu-Al composite tube,
was implemented on the basis of the process experiment.
The experimental results are in good agreement with the
simulated ones. In the case of the Cu-Al composite tube,
the outer aluminum tube possesses the greater axial elon-
gation compared with the inner copper tube. The phenom-
enon indicates that the yield strength of the inner and outer
tubes plays a significant role in the interface compatibility
during ball spinning of the composite tube.

According to the experimental and simulated results, the
interface compatibility of the composite tube during ball
spinning should meet the following requirements, includ-
ing boundary condition of admissible velocity field, geo-
metrical condition of composite tubular blank, steady
flow condition of surface metal, and plastic yield condi-
tion of the composite tube.
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