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Abstract: The continuous extrusion forming process for producing large section copper concave bus bar under different extrusion
wheel angular velocities was studied by three-dimensional finite element technology based on software DEFORM-3D. The
rigid-viscoplastic constitutive equation was employed in the model. The numerical simulation results show that the deformation
body flow velocity in the die orifice increases gradually with the increase of the extrusion wheel angular velocity. But slippage
between the rod and extrusion wheel occurs when the extrusion wheel angular velocity is high. The effective stress near the die
orifice enhances gradually with increasing extrusion wheel angular velocity. High stress is concentrated in adjacent regions of the
flash gap. The effective strain gradient is greater near the abutment than that near the die orifice. The effective strain of the product
increases gradually with increasing extrusion wheel angular velocity. In the deformation process, the deformation body temperature
increases remarkably due to friction and deformation. So the cooling is necessary in the region of the die and tools.
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1 Introduction

Continuous extrusion forming(CONFORM) process
has significant advantages: no limitation of product
length, lower energy consumption, lower costs and high
automation, etc[1—-7]. In the working process, the rod is
dragged into the cavity by the friction between the metal
and extrusion wheel groove with the rotation of extrusion
wheel. The products can be obtained when the metal
flows through the die. In the CONFORM process, the
extrusion wheel rotation is the driving source of the
whole system. Lower extrusion wheel angular velocity
leads to lower yield efficiency. With higher extrusion
wheel angular velocity, the deformation and quantity of
heat increase.

For copper alloys there are many problems in
deforming mechanism, process parameters, die design,
and other aspects[8]. So only the wires with diameter

less than 5 mm and the profiled copper bars with the
sectional area less than 20 mm’ can be made by
CONFORM technology[9—10]. At present, though the
extrusion wheel angular velocity of CONFORM process
for aluminum alloy has been studied by KIM et al[4] and
CHU et al[ll] by using the two-dimensional finite
element technology, the detailed distributions of the
velocity field, stress field, strain field, temperature field
and damage field under different extrusion wheel angular
velocities have not been completely understood.

In this study, CONFORM process for producing
concave bus bar under different extrusion wheel angular
velocities was studied by three-dimensional finite
element technology based on software DEFORM-3D.
The distributions of velocity field, stress field, strain
field, temperature field and damage field were
investigated under different extrusion wheel angular
velocities. It could provide the theoretical guide for

actual production of big section copper product. At the
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same time, it is important to improve the quality of big
section copper product and select tools and dies
materials.

2 Rigid-viscoplastic theory

For copper possessing viscoplasticity, the rigid-
viscoplastic theory is employed in the simulation. In the
simulation, the elastic deformation is neglected and all
plastic deformation is treated as a flow problem. At the
same time, the constant volume condition is satisfied and
the deformation body is considered as non-Newton fluid.
So it is feasible to analyze large deformation process.

The basic governing equations for viscoplastic
metal are presented as follows[12—15]:

Stress equilibrium equation:

oy, =0 (1)

Compatibility condition (Strain rate relation):

é‘ij :%(vl—,j +vj’l-) (2)

Constitutive equation (Stress—strain relation):

oy = %%:éij 3)
Yield criterion:

o= %JI;G;] =6(T,¢,¢) 4)
The conditions of the incompressible fluid:

£=£,6;=0 Q)

Boundary conditions:
oyn; = 17, (On the force surface) (6)
v, =, (On the velocity surface) @)

where oy is the stress component, &; and v; are strain

.
rate and velocity component respectivély, o is the flow
stress that is the function of the stress, strain rate and
temperature, Zz is the effective strain rate, IFI is the
external force.

The above field equation can be resolved by the

following variation principle:

8¢ =[ oBedV + [ Kéydé,,dV +[ FdvdS=0 (8)
where V and S are the volume and surface area of the
deformable body, respectively, K is a large positive
constant for incompressible metal.

3 Friction model

The constant shear friction is adopted in this paper.
The frictional force in the constant shear model is
defined by

femk ©)

where f'is the frictional stress, k is the shear yield stress
and m is the friction factor. Eqn.(9) shows that the
friction is a function of the yield stress of the deforming
body.

4 Finite element model

Concave bus bar is the key component of the
generator. The schematic diagram of concave bus bar
section is shown in Fig.l, where 4=8 mm, ¢=5 mm,
B=28 mm, =16 mm, R1=1 mm, R2=3 mm, R3=5 mm.
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Fig.1 Schematic diagram of concave bus bar section
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The commercial software DEFORM-3D is applied
to simulate the process. Fig.2 shows the detailed
geometry and mesh for the extrusion wheel, the
compaction wheel, the shoe, the abutment, the die and
the rod.
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Fig.2 Finite element model
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The deforming metal is copper. Its material model
can be obtained through the following equation:

Eijk:E(Eiaz‘jsTk) (10)

where G is the flow stress, &

is the effective plastic
strain, &; is the effective strain rate and 7, is the
temperature.

The relationship between flow stress and strain for
pure alloy at temperatures of 20, 200, 400, 500, 600 and
800 C is shown in Figs.3(a) and (b) when the effective
strain rate is 2.0 and 3.0 s ', respectively. The input
parameters for the non-isothermal CONFORM process

are listed in Table 1.
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Fig.3 Relationship between flow stress and strain for pure alloy
at different temperatures: (a) £ =2.0s ';(b) & =3.0s"

5 Simulation results and discussion

The extrusion wheel angular velocities are 0.837 6,
1.047 0 and 1.256 4 rad/s, respectively. The detailed
distributions of the deformation body temperature field,
stress field, strain field, velocity field and damage field
of the metal are obtained by simulation.

Table 1 Parameters used for simulation

Parameter Value
Original temperature of rod/'C 20
Flash gap width/mm 1.0
Diameter of rod/mm 16
Bearing length/mm 5
Wheel radius/mm 170
Time step/s 0.01
Friction coefficient between shoe and rod 0.3
Friction coefficient between die and rod 0.9
Friction coefficient between extrusion 03

wheel and rod

5.1 Distribution of velocity field

The distribution of deformation body velocity field
under different extrusion wheel angular velocities is
shown in Fig.4. It shows that the change of metal flow
velocity is larger in the adjacent regions of the flash gap
than that in the die. With increasing extrusion wheel
angular velocity, the metal flow velocity increases in the
die orifice gradually. Particularly, the metal flow velocity
increases slowly when the extrusion wheel extrusion
wheel angular velocity is high. So increasing the
extrusion wheel angular velocity will not improve the
angular velocity is higher. This proves that the slippage
between the rod and extrusion wheel occurs when the
productivity if the extrusion wheel angular velocity
reaches a given value. At the same time, the dead zone
occurs in the front corner of the die. This will make the
oxide remain in the extrusion cavity. So the product
quality can be improved.

5.2 Distribution of effective stress field

Fig.5 shows the distribution of the deformation
body effective stress under different extrusion wheel
angular velocities. The effective stress near the die
orifice enhances gradually with increasing extrusion
wheel angular velocity. High stress is concentrated in
adjacent of the flash gap. The
concentration varies with wheel angular velocity.

regions stress
Measurement must be taken to reduce the stress
concentration. At the same time, the material of the
abutment should have high strength.

5.3 Distribution of effective strain field

Fig.6 shows the distribution of the deformation
body effective strain under different extrusion wheel
angular velocities. The effective strain gradient is
larger near the abutment than that near the die orifice.
The effective strain of the product increases gradually
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Fig.4 Distribution of velocity field at different extrusion wheel
angular velocities: (a) w=0.837 6 rad/s; (b) w=1.047 0 rad/s;
(¢) ®=1.256 4 rad/s

with increasing extrusion wheel angular velocity. The
product quality can be improved by changing the wheel
angular velocity. At the same time, the effective strain
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Fig.5 Distribution of effective stress field at different extrusion
wheel angular velocities: (a) ®=0.837 6 rad/s; (b) ©=1.047 0
rad/s; (¢) ®=1.256 4 rad/s

distribution is uniform in the adjacent regions of the die
orifice. So it is feasible to produce concave bus bar by
CONFORM technology.
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5.4 Distribution of temperature field perature exceeds 550 C at the selected extrusion wheel
Fig.7 shows the distribution of the deformation  angular velocities. The tools and dies materials cannot
body temperature under different extrusion wheel work long time when the work temperature surpasses

angular velocities. In the deformation process, the
deformation body temperature increases remarkably due
to friction and deformation. The deformation body tem-

550 C. So the cooling is necessary in the region of the
die and tools. With increasing extrusion wheel velocity,
the deformation body temperature increases gradually.

Effective strain 1!
1— 0.644 Temperature/C
2—1.290 1 —70
3— 1.930 2 — 140
4— 2,580 3—210
5—3.220 4 — 280

=350
6 — 420
7 — 490
8 — 560

6— 3.870

(@) F

(a)

Effective strain

1 — 0.529 Temperature/C
2— 1.060 1 — 889
3—1.590 2 — 158.0
4—2.120 3—227.0
5—2.650 4— 206.0
6— 3.170 5— 364.0
6— 433.0

7—502.0
3—5710

(b)

Effective strain

1 — 0.445 Temperature/'C
2—0.889 1 —90
3—1.330 2 — 160
5—12220 4 — 300
6— 2.670 5 — 370
6 — 440
7—510

8 — 580

£
Fig.6 Distribution of effective strain field at different extrusion Fig.7 Distribution of temperature field at different extrusion

wheel angular velocities: (a) ©=0.837 6 rad/s; (b) ©=1.047 0 wheel angular velocities: (a) ©=0.837 6 rad/s; (b) ©=1.047 0
rad/s; (c) @=1.256 4 rad/s rad/s; (c) ®=1.256 4 rad/s
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5.5 Distribution of damage field

Damage generally relates to the likelihood of
fracture in a part. In general, designing with a damage
value from 0.1 to 0.2 will be safe from fracture. Fig.8
shows the detailed damage distribution at different extru-

Damage value

1 —0.145
2—0.290
3 — 0435
4 — 0.580
5—0.726

(a)
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2—0.221
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Fig.8 Distribution of damage field at different extrusion wheel

angular velocities: (a) ©=0.837 6 rad/s; (b) w=1.047 0 rad/s;
(¢) ®=1.256 4 rad/s

sion wheel angular velocities. It can be seen that the
damage value is satisfying under these velocities. At the
same time, the damage value decreases with the increase
of the extrusion wheel angular velocity.

6 Conclusions

1) The deformation body flow velocity increases
in the die orifice gradually with the enhancement of
the extrusion wheel angular velocity. But the slippage
between the rod and extrusion wheel occurs when the
extrusion wheel angular velocity is high. So increasing
the extrusion wheel angular velocity will not improve the
productivity if the extrusion wheel angular velocity
reaches a given value.

2) The effective stress near the die orifice rises
gradually with the increase of the extrusion wheel
angular velocity. High stress is concentrated in adjacent
regions of the flash gap. Measurement must be taken to
reduce the stress concentration. At the same time, the
material of the abutment should have high strength.

3) The effective strain gradient is larger near the
abutment than that near the die orifice. The effective
strain of the product increases gradually with increasing
the extrusion wheel angular velocity.

4) In the deformation process, the deformation body
temperature increases remarkably due to friction and
deformation. So the cooling is necessary in the region of
the die and tools. The deformation body temperature
increases gradually with increasing the extrusion wheel
velocity.

5) The damage value decreases with the increase of
the extrusion wheel angular velocity.
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