The International Journal of Advanced Manufacturing Technology (2022) 118:3477-3486
https://doi.org/10.1007/s00170-021-08608-9

ORIGINAL ARTICLE q

Check for
updates

Investigation of deformation compatibility and power consumption
during KOBO extrusion of bimetallic composite tube

Lingyun Qian'2 - Zhengguo Cui'2 - Chaoyang Sun'2 - Shuai Geng' - Zhihui Sun'2

Received: 22 August 2021 / Accepted: 19 December 2021 / Published online: 6 January 2022
© The Author(s), under exclusive licence to Springer-Verlag London Ltd., part of Springer Nature 2022

Abstract

A novel and effective method to fabricate the bimetallic composite tube was proposed using a KOBO extrusion technique with
an oscillating die. Compared with the traditional extrusion, KOBO extrusion enabled to induce high-frequency deformation
path changes under the combined action of extrusion force and torsion torque. The numerical simulations of KOBO extrusion
were conducted at extrusion velocities of 1, 2, 3, and 4 mm-s~" and rotation frequencies of 2.5, 5, 8, and 10 Hz. The thick-
ness uniformity coefficient and ratio of runoff were newly proposed as two indexes to evaluate the dimensional uniformity
and stability of extruded bimetallic composite tubes. The results showed that KOBO extrusion had obvious advantages in
reducing the extrusion load, narrowing the deformation zone, and simultaneously increasing the forming temperature. Both
layers of extruded tube by the KOBO extrusion had more even thickness with lower thickness uniformity coefficients. The
ratio of runoff for extruded tube was very close to its initial value of billet, which indicated that the KOBO extrusion enabled
to form bimetallic composite tube with presumptive stable mechanical property. By comprehensive analysis of the impact
of rotation frequency and extrusion velocity on reducing the total power consumption and increasing the power conversion
parameter, it was recommended that KOBO extrusion selected a lower rotation frequency and a higher extrusion velocity
under the premise of guaranteeing forming quality of the bimetal composite tube.

Keywords Bimetallic composite tube - KOBO extrusion - Deformation compatibility - Power consumption - Finite element
modeling

1 Introduction

The increasing demands for lightweight aerospace and trans-
portation promote the application of lightweight tube struc-
tures. In particular, bimetal composite tubes have attracted
attention because of the dual performance advantages of
tube body and bonding layer [1, 2]. In general, the body
material of bimetal composite tube has a higher mechani-
cal property, and the contact layer in contact with corrosive
media has excellent corrosion resistance. As common light-
weight materials, aluminum alloys are widely used as the
anti-corrosion layers of bimetallic composite tubes because
of their excellent corrosion resistance. How to ensure the
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interface compatibility and metallurgical bonding between
two layers are two key difficulties for manufacturing the
bimetallic composite tubes. Therefore, it is of great impor-
tance to explore new technology to achieve better forming
quality of bimetallic composite tube.

There are various forming processes to fabricate bime-
tallic composite tubes and these existing methods can be
summarized as solid—solid phase composite, solid—liquid
composite, and liquid-liquid composite according to the
bonding state of the bimetallic interface [3, 4]. The plastic
forming method realizes the metallurgical bonding of the
interface by applying pressure on the contact surface to
cause plastic deformation together with the element dif-
fusion. Jiang et al. [5] and Jin et al. [6], respectively, used
rolling and spinning methods to prepare Al-Cu bimetallic
composite pipes and studied the effect of process condi-
tions on the interface properties. They found that the good
interface compatibility highly depended on the geometri-
cal size of billet, velocity field, and yield conditions of
two materials. It was indeed a tricky problem to ensure
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the material flow continuity of the inner and outer layers.
The above methods have certain advantages in obtaining
large local deformation, but they are difficult to ensure
the continuity of deformation and the control of the cross-
sectional shape. It is more likely to cause defects such
as thickness reduction and fracture. Besides, the methods
of electromagnetic forming and explosive forming devel-
oped on basis of energy control can form the metallurgical
bonding interface [7, 8], but they require precise energy
control and exhibit poorly to obtain uniform interface per-
formance. Compared with other methods, the compressive
stress of the extrusion method can promote the metallur-
gical bonding of dissimilar materials and realize better
control of material deformation. It helps to form a stable
diffusion composite layer and therefore avoid the damage
of bonding surface due to stress release under cases with
large external forces or high temperatures [9, 10].

Severe plastic deformation (SPD) methods with high-
pressure torsion effects have been used to form bimetallic
composite parts [11, 12]. As we all know, the high-pressure
torsion of SPD method is proven to be more effective in
achieving grain refinement and promoting uniform mate-
rial flow [13-15]. As one of the SPD methods, the KOBO
method can induce point defects at atomic level through
application of high-frequency deformation path changes.
These point defects lead to the new mechanism of plastic
formation called analogous viscos-plastic flow, which not
only promote the large deformation via grain refinement but
also accelerates the diffusion of atoms [16—18]. The above
features of KOBO method make it possible to fabricate the
bimetallic composite tubes with high-performance compos-
ite interfaces in a short time [19, 20]. KOBO method has
been combined with extrusion, forging, rolling, and draw-
ing processes to fabricate parts such as bars, plates, wires,
tubes and gears [21, 22]. Aiming at forming bimetallic com-
posite parts, Mohotti et al. [23] used the KOBO method to
extrude bimetallic composite rods and studied the influences
of material properties, initial thickness ratio, and contact
friction conditions on the material forming processes. They
pointed out that once the material properties and sizes were
fixed, the uniform interface deformations were only possible
under the viscous flow interface. The current research pre-
liminarily proves the feasibility of KOBO method to realize
bimetallic composite deformation. To our best knowledge,
the KOBO extrusion method has not been used to fabri-
cate bimetallic composite tube. The kinetics conditions in
terms of extrusion and torsion have a crucial influence on the
interface compatibility of dissimilar materials. Therefore,
the deformation process of Al/Al bimetallic composite tube
by KOBO extrusion was studied and the features of inter-
face compatibility deformation were focused on to verify the
feasibility of forming method. The kinetics process was also
analyzed to guide the determination of process parameters.
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The outline of the paper is as follows. Section 2 detailed
the process principle of KOBO extrusion to fabricate bime-
tallic composite tube and the parallel finite element model.
In Sect. 3, the process feasibility of KOBO extrusion method
was verified and its advantages were analyzed by compar-
ing the interface deformation, extrusion load, and tempera-
ture fields with those of traditional extrusion method. The
interface compatibility characterized by flow line changes as
well as thickness dimensions of extruded tube was studied
in Sect. 4. In Sect. 5, the influence of process parameters on
energy consumption was summarized. The article concluded
with a reiteration of the most salient points of the study.

2 KOBO extrusion method and numerical
simulation model

2.1 Process principle

Figure 1 is the schematic diagram of forming bimetallic
tube by KOBO extrusion method. Compared with the con-
ventional extrusion method, the KOBO extrusion consid-
ers the cyclic torsion of the die. The die is oscillated with
a rotation angle of + 0 under a fixed rotation frequency f.
Meanwhile, the mandrel presses the inner and outer billet
downward simultaneously at a certain extrusion velocity
v. The combined action of extrusion force F, and rotary
torque T,, forces the underlying material to undergo severe

Linear Force F,

Inner Billet

Outer Billet

Container —

Bimetallic Tube Rotating Die

Rotary Torque 7},

Fig. 1 Schematic diagram of forming bimetallic tube by KOBO
extrusion method
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plastic deformation and allows it to flow plastically through
an extrusion orifice. It is hypothesized that the high-shear
induced by the oscillating torsion of KOBO method will
enable the favorable conditions for simultaneous plastic flow
as well as intensify the diffusion processes to obtain better
metallurgical solid-state bonding interface.

2.2 Finite element simulation

The Al-Al bimetallic composite tube used in the heat
exchanger was studied in this work. The tube requires high
strength and internal corrosion resistance during its service.
Therefore, the aluminum alloy AA4045 with high strength
and good weldability was chosen as the outer layer’s mate-
rial, while the aluminum alloy AA3003 with low strength
and good corrosion resistance was chosen as the inner layer’s
material to improve its corrosion resistance. The dimensions
of the bimetallic composite tube are shown Fig. 2a. The tube
had an outer diameter of 20 mm and a 6 mm thickness. The
corresponding dimensions were 40 mm and 10 mm for the
outer billet, and 20 mm and 5 mm for the inner billet. The
extrusion ratio was calculated as 4.57. The die was in a cone
shape with an angle of 60°.

The bimetallic composite tube KOBO extrusion was mod-
elled on the platform of Deform 3D. As shown in Fig. 2b,
a quarter model was established using the advantage of its
symmetry. During the extrusion, the container was fixed and
the punch moved downwards. The rotation die rotated back
and forth with a certain amplitude at a specific frequency.
The S-T model from reference [24] was used to characterize
the constitutive relationship of the AA4045 and AA3003:

Fig.2 Structures of KOBO (a)
extrusion method: (a) dimen- - 045
sions of key components, (b) D40x10
finite element model | D205
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Both the extrusion tooling and billet in the FE model
were meshed with tetrahedral elements. The relative mesh
density was used as the general meshing method, where
the element numbers of outer billet and inner billet were
both set as 32,000 and the size ratio was 2.0. In the interac-
tions between the billet and above three tooling parts, the
heat transfer coefficient was set to 11 N-s™':\mm~"-°C™!, as
marked by orange arrows. The default heat transfer coef-
ficient of 11 N-s™.mm~'.°C~! was set between tooling
parts and environment. The shear friction model with a
friction coefficient of 0.3 was used for all contact pairs of
components, while the friction coefficient was set to 1.0
between the inner and outer billet to ensure no relative
sliding between them. The initial temperature of the billet
was set to 390 °C which lied within the forming process
temperature range of both two aluminum alloys. The rota-
tion frequency of the KOBO method has a major influ-
ence compared with the rotation angle. In order to study
the main influence aspects, the rotation angle was fixed
to+ 12° in this paper by the results of references [19] and
[20]. Four extrusion velocities of 1, 2, 3, and 4 mm-s~! and
three rotation frequencies of 2.5, 5, 8, and 10 Hz were set,
respectively, to study the effects of extrusion velocity and
die rotation frequency on forming performance.

(b)
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3 Forming process of bimetallic composite
tube

In this section, the difference of forming ability between the
KOBO extrusion and the traditional extrusion was analyzed
by the simulation of extrusion with a speed of 2 mm-s~! and
die rotation frequency of 5 Hz.

3.1 Material flow and load analysis

Figure 3 shows the comparisons between the bimetallic
composite tube forming profiles of the KOBO extrusion
and traditional extrusion (without die rotation) under differ-
ent punch displacements. The KOBO extrusion’s result was
displaced in the left side while the traditional one was in the
right. During the traditional extrusion process, the material
in outer layer underwent the greater friction than the mate-
rial of inner layer. Therefore, the flow rate was lower in outer
layer and it was hard to move into the squeezing part of the
die for the outer layer’s material. The bonding interface of
the inner and outer billet tilted towards the outer part at ini-
tial stage of the extrusion, which makes it more difficult to
coordinate the deformation of the inner and outer layer mate-
rials in the subsequent process. As a result, the tube from the
traditional extrusion owned a longer unsteady head part. In
contrast, the rotary effect of the rotating die during KOBO
extrusion can effectively decrease the friction between the
die and the outer layer’s materials. The decreasing effect of
friction accelerated the outer layer’s materials flowing into
the forming area of the die. In this way, fewer dead zones
were generated and the inhomogeneity was reduced during
the process. It can be seen from Fig. 3a, b that the materi-
als had entered a stable flow state at the initial stage of the
KOBO extrusion. While the materials were still in a coor-
dinated deformation process in the traditional extrusion at
the same time. The materials in the inner layer flowed much
faster than the materials in the outer layer, which caused
the bonding interface tilting towards the outer direction. In

Fig.3 Comparisons of extruded ‘
bimetallic tube profiles of ‘

KOBO extrusion (left) and
traditional extrusion (right) at
different punch displacements:
(a) 25 mm; (b) 30 mm; (¢)

35 mm; (d) 55 mm
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Fig.4 Extrusion force and displacement curves of traditional extru-
sion and KOBO extrusion

addition, it can be seen from Fig. 3¢ that the outer materials
partially invaded the inner ones during the traditional extru-
sion process, leading to a wave-shaped bonding interface.
Figure 3d shows two methods’ forming effects of bimetallic
composite tube with 55 mm punch. It could be concluded
that the KOBO extrusion was feasible to form the bimetallic
composite tube and the KOBO method was more deforma-
tion homogeneous during bilayer forming compared to the
traditional extrusion.

Figure 4 shows the extrusion forming load curves of
bimetallic composite tube under the KOBO extrusion
and traditional extrusion. The two load curves shared a
similar trend and both included three deformation stages
which divided by two turning moments (marked by red and
magenta short lines). At first stage I, the load raised stead-
ily. Then, the curve rose abruptly in second stage II before it
entered a stable stage III. However, the two curves varied at
the initial deformation stage in terms of the occurrence of the
locations of the turning points. The significant distinctions

wave-shaped
interface

(b) © (@)
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were due to the different sensitivity of two materials to the
loading modes as well as the different synchronism in terms
of plastic deformation. Compared with the traditional extru-
sion method, the KOBO extrusion significantly reduces the
overall extrusion load level. The maximum load was also
reduced by about 30%. The rotating die’s rotary effect of the
KOBO extrusion effectively improved the flow ability of the
outer materials and deformation coordination homogeneity
of the bilayer materials.

3.2 Effective stress and temperature fields

Figure 5 plots the effective stress distributions within
the main deformation zone of bimetallic composite tube
extruded by KOBO extrusion and traditional extrusion. It
can be seen that the medium and high stress areas of two
methods are concentrated in the contact area between die
and billet. On the whole, the stress level of the KOBO
method was significantly lower than that of the traditional
extrusion. The maximum effective stress values of the two
methods were about 50 MPa and 60 MPa, respectively. From
the stress gradient in Fig. 5, it could be found that the stress-
affected zone of KOBO extrusion was narrower and more
concentrated. In contrast, the traditional extrusion exhib-
ited a relatively lower stress gradient of about 30 MPa in
the main deformation zone, which indicated more materials
were forced to participate in the deformation. The effective
stress distinctions between the two methods brought about
the differences in extrusion force in Fig. 4.

The temperature distributions within the main deforma-
tion zone of bimetallic composite tube are shown in Fig. 6.
Similar to the stress distribution, the high temperature of
extruded tube was concentrated around the die orifice. Com-
pared to the initial billet temperature of 390 °C, the tem-
perature rise of KOBO extrusion was significantly larger
than that of traditional extrusion. The maximum tempera-
ture rise of two methods was about 40 MPa and 25 MPa,
respectively. The rise temperature in the extrusion process

Effective Stress
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B 40
8
= 3
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(a)KOBO extrusion  (b) Traditional extrusion

Fig. 5 Effective stress fields of two extrusion methods: (a) KOBO
extrusion, (b) traditional extrusion

Temperature
§ (°O)
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430 °C ‘ 405°C 403
377
350 I
(a)KOBO extrusion (b) Traditional extrusion

Fig.6 Temperature fields of two extrusion methods: (a) KOBO
extrusion, (b) traditional extrusion

was inevitable due to the friction effect. The torsion effect
of KOBO method led to the above distinction. Because the
changeable deformation paths of KOBO method introduced
severe localized plastic deformation and more deformation
energy accumulated inside the material. As a consequence,
the materials underwent higher deformation temperature.
This was the reason why the extrusion load was reduced for
KOBO extrusion. This advantage of KOBO extrusion made
it more suitable to fabricate materials which are difficult to
deform. What is more, the abundant energy accumulation of
KOBO extrusion can reduce deformation temperature, which
is very useful for saving energy.

4 Deformation compatibility analysis
of bimetallic composite tube

4.1 Flow pattern

Flow lines at the die orifice were analyzed to understand
the material flow behaviors of extruded tube. As shown in
Fig. 3, the outer layer underwent more severe deformation
than the inner layer and therefore was typically selected to
highlight the superiority of KOBO method. The billet was
equally divided into twenty parts along the length direc-
tion, and the initial metal flow lines horizontally distributed,
as plotted in Fig. 7a—c, compared the flow lines of KOBO
extrusion and traditional extrusion in the circumferential
direction at the same ram stroke. The corresponding flow
lines in the axial direction are compared in Fig. 7d, e. The
smoother circumferential flow lines were observed with
fewer sawtooth fluctuations and smaller fluctuation ampli-
tudes for KOBO extrusion. This means the materials located
on the same circumference had the similar flow pattern along
the extrusion direction. In contrast, the flow lines of the tra-
ditional extrusion were particularly sharp and jagged in the
circumferential direction. This issue became even more seri-
ous in the exit of die orifice. The torsion effect of KOBO
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Fig.7 Flow line comparisons of outer layer extruded by KOBO
extrusion and traditional extrusion: (a) initial lines; (b) transverse
lines of KOBO extrusion; (c) transverse lines of traditional extrusion;

extrusion not only alleviated the friction effect between outer
layer and die but also changed the way of material flow,
which were both conducive to promoting the homogeneous
deformation of material. Besides, the higher temperature
rise of KOBO extrusion was also helpful for uniform flow.
The initial horizontally distributed lines of traditional extru-
sion gradually evolved into downwardly inclined ones from
the entrance to exit of die orifice, as shown in Fig. 7e. The
inclination of flow lines seemed to be quite “sharp,” which
indicated the great differences of flow velocities between
the inner and outer materials during the forming process.
The flow velocity on the outer surface was significantly
lower than the inner surface, and this trend tended to be
more obvious towards the exit of die orifice where the dead
zone easily formed. In general, the material flow pattern of
traditional extrusion followed the combined “axial-radial”
flow characteristics. Compared to traditional extrusion, the
flow lines of KOBO extrusion distributed much closer to the
initial horizontal state, except for the zones near the outer
surface, as plotted in Fig. 7d. The materials near the die
radius were inclined to radial flow and the corresponding
flow lines changed more gently, which indicated that the
materials of KOBO extrusion displayed the obvious “radial”
flow pattern. The updated flow pattern promoted more outer
metal to participate in deformation, thereby reducing dead
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(d) longitudinal lines of KOBO extrusion; (e) longitudinal lines of
traditional extrusion

zone defects. Above all, the materials of KOBO extrusion
underwent more homogenous deformation to form bimetal-
lic tube.

4.2 Wall thickness uniformity

In this research, the wall thickness uniformity of each layer
and the deformation compatibility of two layers were evalu-
ated to assess the quality of extruded bimetallic tube.

The wall thickness uniformity was characterized by the
wall thickness uniformity coefficient T,. Taking n points uni-
formly from the tube surface along the extrusion direction,
T, was defined as the ratio of the standard deviation of the
thickness of n points to their average value.

-2
T = Z?zl(ti —t) 3)
t
where t; was the wall thickness of point i, and _ twas the
average value of the wall thickness of n points. The larger
value of wall thickness uniformity coefficient T, represented
the more uneven thickness.

The radial run-off ratio m was proposed to describe the
coordinated deformation of the inner layer and outer wall
thickness. Furthermore, it represented the ability to keep
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the ratio of the thickness of the inner and outer layers
unchanged from its previous value during the whole forming
process. One stable value of radial runoff ratio is expected
to maintain the good match of strength and toughness for
extruded tube during the whole forming process, which is
also friendly for product design. It was defined as the ratio
of the volume passing through the cross section of the inner
and outer layer in a unit time.
D; -Dj
m= —— 4
D? D2 “
where D, and D, were the outside diameter and inside diam-
eter of outer layer, respectively. D; was the inside diameter
of inner layer. As mentioned in Sect. 2.2, the values of D,
D,, and D; were 40, 20, and 10 mm. The initial m value of
billet was calculated as 0.25.

Two hundred points were picked evenly from the inner
wall of stable extrude tube with a section length of 150 mm,
as marked in Fig. 8. Two hundred points were individually
selected at equal intervals from the inner walls of both inner
layer and outer layer. The wall thickness values were meas-
ured by the built-in size measurement method of Deform 3D
platform. The results are plotted in Fig. 8. As a comparison,
the results of traditional extrusion were also drawn.

The wall thicknesses of inner layer and outer layer both
fluctuated within a limited range for two methods. The aver-
age values of 200 points were taken as the final wall thick-
ness for each layer, as marked by red solid line (for KOBO
extrusion) and red dashes lines (for traditional extrusion)
in Fig. 8. The inner layer thicknesses t;, and outer layer
thicknesses t,,, of the KOBO extrusion were 1.676 mm and
4.385 mm, respectively. The t;, and t ,, of the traditional
extrusion were respectively calculated as 1.428 mm and
4.613 mm. Table 1 summarizes the wall thickness index of
two methods. The thickness uniformity coefficients T, of
outer layers for two methods were both smaller than those
of inner layers, which indicated the outer layers owned the
better thickness uniformity. Similarly, the thickness uni-
formity of Kobo extrusion was better than that of the tra-
ditional extrusion, especially for the inner layer. The final
runoff ratios of extruded bimetallic tube by KOBO extrusion
and traditional extrusion were calculated as 0.24 and 0.19

] —— KOBO Extrusion
- - - Traditional Extrusion
TF 150mm
- | |

6L )
g >
g Outer Layer
E 5t (4.613)
S S
£ 4l 4385y7
2 N
E 3f

2 (L6700

1 k(1.428) -

0 1 1 1 1 1 1

0 30 60 90 120 150

Distance/mm

Fig.8 Wall thicknesses of inner layer and outer layer extruded by
KOBO extrusion and traditional extrusion

according to Eq. (4). Compared to the initial value 0.25 of
billet, the value of 0.19 manifested that the section area of
outer layer contributed a larger proportion for the extruded
tube. This feature was also reflected by the configurations
in Fig. 3. The tube fabricated by the traditional extrusion
method did not keep good strength-toughness balance with
the initial billet. In contrast, the value of KOBO extrusion
was closer to the initial value 0.25 of billet, which indicated
that the materials of inner layer and outer layer underwent
pretty good coordinating deformation during the KOBO
extrusion process. That is to say, the KOBO extrusion could
better ensure the extruded tube to possess the stable proper-
ties close to the design object.

5 Power consumption of KOBO extrusion

There are two internal loading modes to force the materials
to be formed during the KOBO extrusion process. The one
is the vertical extrusion and the other is the circumferen-
tial torsion. The deformation quality of extruded bimetallic
tube highly depends on the combined action of two loading
modes. Besides, the combined action also influences the
total power consumption and its conversion efficiency. In

Table 1 Wall thickness indexes
of bimetallic composite tube
extruded by KOBO extrusion

and traditional extrusion

Thickness index KOBO extrusion Traditional
extrusion
Outer layer thickness t,, (mm) 4.385 4.613
Inner layer thickness t;, (mm) 1.676 1.428
Outer layer thickness uniformity coefficient T, 0.183 0.185
Inner layer thickness uniformity coefficient T, 0.185 0.196
Radial runoff ratio m 0.24 0.19
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this research, the extrusion velocity and rotation frequency
were served as two parameters to characterize the effects of
two loading modes, respectively.

The total work of the external force and its conversion
efficiency are important factors to affect the manufacturing
costs and production efficiency. The partial power consump-
tion applied for extrusion was deemed as extrusion power
consumption L, in this research. Similarly, the torsion power
consumption L, represented the partial power consumption
used for die rotation.

L,=F, xv )

where F, was the extrusion force and v was the extrusion
velocity.

L, =T, X2pxf ©6)

where T, was the torsion torque, ¢ was the torsion angle and
f was the torsion frequency.

The total power consumption L. was the sum of the extru-
sion power consumption L, and the torsion power consump-
tion L.

L=L,+L, @)

In order to describe the contribution of torsion loading
mode, the ratio of torsion power consumption a was defined
as

L

m

CTLAL v

The power consumption conversion parameter A was pro-
posed to represent the conversion of the total power con-
sumption. It was expressed as the power required for metal
to flow through a certain cross-sectional area per unit time.

- L,+L,
where A, was the original cross-sectional area of billet.
Here, its value is 1178.1 mm?. By analogy with the meaning

of power consumption conversion efficiency, the higher
value of proposed power consumption conversion parameter
A signifies the lower power consumption conversion.

Figure 9a displays the extrusion power consumption L,
torsion power consumption L, total power consumption L,
and extrusion-torsion power consumption ratio o at differ-
ent rotation frequencies. The corresponding extrusion veloc-
ity was fixed as 2 mm/s. Increasing the rotation frequency
f caused a rapid increase in torsional power consump-
tion L. Correspondingly, the extrusion power consump-
tion decreases with increasing rotation frequency, but the
decreasing trend was not obvious. A comprehensive analysis
of the power consumption changing trends of the two load-
ing modes showed that the greater the rotation frequency, the
more total input power consumption was required. Besides,
the ratio of torsion power consumption o also increased
from 0.45 to 0.81. The increasing value of o the more sig-
nificant contribution of torsion load mode to the total input
power consumption. Although increasing the rotation fre-
quency enlarged the torsional shearing effect on improving
plasticity and promoting homogenous deformation, it also
resulted in the greater total power consumption. In Fig. 9b,
the power consumption conversion parameter became larger,
which corresponded to the decreasing power consumption
efficiency. Hence, it was recommended that KOBO extru-
sion selected a lower torsion frequency under the premise of
guaranteeing forming quality of the bimetal composite tube.

As shown in Fig. 10a, increasing the extrusion velocity
led to the strain rate increasement, thereby increasing the
flow stress of deformed materials. Accordingly, the extru-
sion force and required extrusion power consumption L,
both became larger.

Once the rotation frequency was fixed, the influence of
the rotation effect on the flow behavior of material remained
basically unchanged. As a consequence, the torsion force
was not sensitive to the extrusion velocity changes; that was
why the rotation power consumption L, varied slightly in
Fig. 10a. The remarkable increase in total power consump-
tion L was mainly due to the continuous growth of extrusion
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power consumption. The decreasing ratio of torsion power
consumption from 0.63 to 0.29 clearly declared the gradu-
ally weakening effect of torsion loading mode on the total
power consumption with the increasing extrusion velocity.
The relationship of power consumption conversion param-
eter A and extrusion velocity is plotted in Fig. 10b. As the
extrusion velocity increased, the power conversion param-
eters decreased. In other words, increasing the extrusion
velocity was conducive to higher conversion efficiency.

6 Conclusions

The KOBO extrusion technique was innovatively applied to
form the bimetallic composite tube in this research. The key
conclusions were drawn as follows:

(1) The rotary effect of die oscillation during KOBO extru-
sion can effectively accelerate the outer layer’s materi-
als to flow into the forming area of the die. In this way,
the extruded tube earlier entered into stable deforma-
tion with better interface compatibility. Meanwhile,
the extrusion load was dramatically reduced more than
30% due to the higher and more even forming tempera-
ture during the narrowed deformation affected zone.

(2) Compared to the traditional extrusion, the changes of
flow lines of KOBO extrusion seemed much gentler
with slight sawtooth fluctuations. The corresponding
material flow pattern gradually evolved from “axial-
radial” flow to “radial” flow, which was helpful to
improve the preferable homogenous deformation with
better thickness uniforms for KOBO extrusion. Besides,
the KOBO extrusion could better ensure the extruded
tube to have relatively stable expected mechanical
property by keeping smaller changes of ratio of runoff.

(3) Increasing the rotation frequency could effectively
reduce the extrusion load and improved the contribu-
tion of torsion effect, but it also caused the dispreferred
sharp rise of total power consumption and lower power

conversion efficiency. The torsion effect was not sensi-
tive to extrusion velocity variations. When the rotation
frequency was fixed, the power conversion parameters
efficiency decreased as the extrusion velocity became
larger. If the forming quality of the bimetal composite
tube was satisfied, a lower rotation frequency and a
higher extrusion velocity were suggested for the KOBO
extrusion process of bimetallic composite tube.
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