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Continuous extrusion and rolling forming velocity of copper strip
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Abstract: A new copper strip production technology combined with continuous extrusion and rolling technology was proposed. The
roll velocity must first be matched with the continuous extrusion velocity to achieve continuous extrusion and roll forming. The bite
condition of continuous extrusion was determined, and the compatibility equation between the roll velocity and parameters such as
the extrusion wheel velocity, reduction, and strip size was established through mechanical by plastic theoretical calculations. The
finite element model of continuous extrusion and rolling was then established by using the TLJ400 continuous extrusion machine
with a roll diameter of 200 mm. The relationship between the continuous extrusion and rolling velocities was determined through

numerical simulations by software DEFORM—3D, and the accuracy of compatibility equation of velocity was verified.
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1 Introduction

Over the last ten years, China has been the largest

copper plate- or strip-consuming country in the world [1].

However, the production capacity and output of
high-precision and specialized copper strip components
cannot satisfy the growing needs of the market because
of the relatively undeveloped production technology and
equipment in China.

At present, the two common methods of
manufacturing copper plates or strips are semicontinuous
ingot hot-rolled cogging and horizontal continuous
casting billet [2]. The subsequent processing steps for the

two methods are the same. The process flow is as follows:

face milling of the plate (or strip), followed by blooming,
annealing, precise rolling, finishing, and finally obtaining
the finished product. The deficiencies of these methods
are as follows: 1) high energy consumption because of
billet preheating as well as the high oxygen content of
the product; 2) difficulty in eliminating the cast structural
defects of horizontal continuous casting; 3) poor surface
quality of traditional copper production because of the
method of obtaining the strip billet, in this case, face
milling or peeling processes are needed to eliminate

surface defects (face milling can remove surface
oxidation and surface cracking during the rolling process,
whereas the section lines are removed during the
continuous casting process); 4) necessity for multiple
production procedures, long process flow, high
equipment investment, and large space; and (5) difficulty
in achieving a flexible production.

To address these issues, in this work, the continuous
extrusion and roll forming technology for the production
of oxygen-free copper plates or strips was presented. The
process is listed below: upward cast rod—continuous
extrusion and rolling—finishing—finished product. After
friction drive was applied to the rod billet through
continuous extrusion using a wheel groove, the upward
cold-state, oxygen-free, cast rod was placed in the die
cavity as a raw material to induce rapid and intense
plastic deformation. Thus, the temperature of the billet
increased from 600 to 800 °C to complete the continuous
extrusion thermal deformation. Hot rolling was
performed at the exit of the die, in which the heat that
remained after the continuous extrusion was used as the
thermal energy for the hot-roll. The principle of the
deformation process is shown in Fig. 1.

Compared with traditional processes, the proposed
process method has the following advantages: 1) The
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heating process is eliminated. Deformation heat and
friction heat are used to reach the thermal deformation
temperature of the material and complete the extrusion
and roll forming process. In this process, the frictional
resistance for energy dissipation is transferred into the
deformation driving force and maximizes the use of
energy. 2) The upward continuous casting process is used
to reduce the oxygen content in the casting rod structure
to lower than 2x107°. Therefore, an oxygen-free copper
strip with a pure structure is obtained. 3) The continuous
extrusion and rolling both completely achieve the
thermal deformation of the billet, during which the
dynamic recrystallization occurs. Therefore, the grain is
significantly refined and the material property is
improved; however, the size of the billet is nearly the
same as that of the finished product, thus reducing the
workforce of the finishing process.
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Fig. 1 Principle of continuous extrusion and rolling

FAN et al [3] established a new five-zone
description model for the continuous extrusion process
based on the state of the metal in the groove and
provided its analytical solution through stress
calculations for each subzone. YUN et al [4] divided the
continuous extrusion extending cavity into the first
extending second extending region, and
deformation region. They established the dynamic
models of the extrusion force for each region and derived
the correlation between the specific extrusion force at the
inlet of the extending cavity and the complicated
coefficient for the part and section shape sizes. WU et al
[5] investigated the effect of the extrusion wheel angular
velocity on the continuous extrusion of copper concave
bus bar formation. YUN et al [6] used numerical
simulations to determine the metal flow regularity during
the continuous extrusion formation. Meanwhile, LUO et
al [7] investigated the deformation behaviour of a copper
cladding aluminium wire during the flat rolling. The
effects of the major process parameters on the
deformation were analyzed by a 3D rigid plastic finite
element model as well as experiments. XU and ZHU [8]

region,

used a thermal mechanical simulator to investigate the
differences in titanium ingots as a result of forging and
rolling.

Given the relatively recent introduction of
continuous extrusion and rolling, no research on the
mechanism, technical features, and process requirements
of this process has been reported so far. In this work, the
compatibility equation for the continuous extrusion and
roll forming velocity was established to determine the
relationship between the roll velocity and parameters
such as extrusion wheel velocity, reduction, and strip size.
Numerical simulations were performed using the
DEFORM-3D software platform to analyze the
relationship between the continuous extrusion and the
roll-forming velocity of the copper strip.

2 Establishment of compatibility equation
for continuous extrusion and rolling
velocity

2.1 Calculation of velocity of billet entry into wheel
groove
2.1.1 Determination of biting condition
The biting process of the continuous extrusion can
be equated with that of the reduction in the single-roller
drive roll [9,10] based on their characteristics. Figure 2
shows that the biting condition of continuous extrusion is

< B0

< 1
1+R /R, )

)
where a, is the biting angle between the billet and the
extrusion wheel; R, is the radius of the extrusion wheel;
R, is the radius of the coining wheel; /5 is the friction
angle between the extrusion wheel surface and the billet
surface; and 6 is the friction angle between the coining
wheel and the billet.

Fig. 2 Biting process of continuous extrusion

2.1.2 Velocity calculation
In the biting process, the velocity v, of billet entry
into the wheel groove is higher than the linear velocity v,
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of the extrusion wheel at this position, The ratio of the
difference between v; and v, to the linear velocity v, of
the extrusion wheel is the forward slip value [11], which
is expressed by

Sy =204 100% )

Yo
The forward slip value is calculated by

_ (Dycosy, —h)(A—cosy,)
y

Sw 3)

Based on the two simultaneous equations, we obtain

(Dycosyy —hy)(1—cosy,)
hy

Vl = V0[1+

] “4)

where D is the diameter of the extrusion wheel; y; is the
neutral angle,

sina; 1-cosa;
- 5
2 2m

siny; =

1 1is the friction coefficient between the billet and the
extrusion wheel surface; and 7, is the height of the billet
after biting.

2.2 Calculation of billet velocity at die exit

The billet enters the cavity for expansion via the
wheel groove and is finally extruded from the die exit.
This process does not consider the billet overflow.
According to the same flow per time and volume [12],

Flvl =F2V2 (5)

where F is the pass cross-sectional area between the
extrusion wheel and the coining wheel, and F, is the
cross-sectional area of the die exit.

The billet exit velocity from the die exit can be
obtained by

_Fv, _ Fvo[h +(D, cosyy —y)(1—cosy,)]
£ Byl

V2

(6)

2.3 Calculation of roll velocity

The strip is extruded from the die exit at velocity v,.
The velocity of the strip entry into the roll gap in the
absence of tension is equal to that at the strip die exit
(Fig. 3). In the rolling process, the following equation
can be obtained using the same flow per time and
volume:

FHVHthVh (7)

where Fy; is the cross-sectional area of the strip at the roll
entrance; F), is the cross-sectional area of the strip at the
roll exit; vy is the entry velocity of the strip into the roll
gap; and v, is the exit velocity of the strip from the roll

gap.
According to the definition of the forward slip
value,

Fig. 3 Schematic diagram of velocity in rolling process

v, =V
Spp =

x100% (3)

where v is the peripheral roll velocity.
From the two simultaneous equations, we obtain

vy =§<1+Shz> )

where A =Fy /F, is the expansion coefficient of the
strip.

The forward slip value is calculated using the
following equation:

_(Dycosy, —h)1-cosy,)
h

Si, (10)
where D, is the roll diameter; 4 is the sheet height after
rolling; and y, is the neutral angle.

Based on the internal force equilibrium of the strip
in the roll deformation zone force [13], we obtain

sin, 1-cosa,
2 2y

siny, = (11)
where o, =+ Ah/R is the biting angle in the rolling
process; Al is the roll reduction; and u, is the friction
coefficient between the strip and the roll surface. By
substituting Eq. (10) into Eq. (9), we obtain
e vy Ah

(D, cosyy, —h)(1—cosy,)+h

(12)

2.4 Establishment of compatibility equation for
continuous extrusion and rolling velocities
As previously stated, the rolling process is an
on-line continuous rolling process combined with a
continuous extrusion process. Thus, the roll velocity is
affected by factors such as the reduction and the friction
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coefficient. Based on the equal volume deformation
conditions, the compatibility equation between the roll
and extrusion wheel velocities, the extrusion strip size,
and roll reduction was established. Thus, the continuous
extrusion and rolling process of the copper strip can
proceed smoothly.

As previously mentioned, the entry velocity of the
strip into the roll gap in the absence of tension is equal to
the exit velocity of the strip from the die exit, which is
expressed as

) (13)

By substituting Eq. (6) into Eq. (12), the relation-
ship between the roll and the extrusion wheel velocities,
the extrusion strip size, and roll reduction is obtained:

v:FlvthH[hl+(D1C0571_hl)(1—00571)] (14)
EyhFy[h+ (D, cosy, —h)(1—cosy,)]

3 Numerical simulation and analysis of
results

The DEFORM-3D software was used for the
numerical simulation of the continuous extrusion and
rolling of a copper strip with the continuous extrusion.
The following dimensions were set as: 4=100 mm; B=10
mm; and R=5 mm (the cross-sectional shape is shown in
Fig. 4). The thickness / is 8 mm after rolling.

A

L

Fig. 4 Cross-sectional shape of strip

3.1 Establishment of finite element model

The finite element model of the extrusion and roll
with a diameter of 200 mm (Fig. 5) was established by a
TLJ400 continuous extrusion machine. To save time and
reduce the computer storage capacity, 1/2 of the integral
model was used for the simulation based on the
symmetry [14].

Coining wheel
Blllet-\}__’_

Extrusion wheel

Chamber Die Roll

Fig. 5 Finite element geometric model

3.2 Selection of simulation parameters

The deformation material used for the simulation is
pure copper. The tool and die materials are all AISI-H13.
The rigid viscoplastic finite element method was used.
The billet was set as the rigid-plastic body, whereas the
die and other parts were set as rigid bodies. The shear
friction driving model was used for the friction between
the contact surfaces of the billet and the die. In this work,
the friction coefficient between the extrusion wheel and
the billet was set at 0.95, whereas the friction coefficient
between the roller and the billet was set at 0.35. By
considering the preheating of the cavity, the initial
temperatures of the cavity, abutment, and die were set at
450 °C, whereas the preheating temperature of the roller
was set at 60 °C [15—19].

3.3 Simulation results and analysis

In the continuous extrusion and rolling processes,
the metal deformation was divided into six parts, namely,
pass rolling, filling, upsetting, expansion extrusion,
transition, and roll forming zones (Fig. 6).

Pass rolling zone Expansion extrusion zone

Filling zone

Upsetting zone \

Fig. 6 Division of forming zones

Transition zone
Roll forming zone

3.3.1 Verification of accuracy of compatibility equation
for continuous extrusion and rolling velocities

Equation (14) was used to calculate the roll velocity
at extrusion wheel velocities of 4, 6, 8, and 10 r/min
which correspond to horizontal linear velocities of 74.5,
111.78, 149.05, and 186.3 mm/s, respectively, for the
numerical simulations. The results were then compared
with the horizontal linear velocity of the billet at the
roller exit after the theoretical calculations.

Figure 7 shows a comparison of simulated and
theoretical velocities of the billet at the roller exit. The
simulation values are always less than those of the
theoretical calculations because the theoretical values are
calculated at the constant volume. The volume loss
caused by the redivision of the mesh results in the lower
simulation values compared with the theoretical ones.
However, the errors are within 5%, which confirms the
accuracy of the continuous extrusion and rolling velocity
compatibility equation.

3.3.2 Velocity distribution at each stage of continuous
extrusion and rolling process

The velocity distribution at each stage was obtained
at the extrusion wheel velocity of 6 r/min (Fig. 8(a)). The
velocity distribution in the pass rolling zone is lower
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Fig. 7 Comparison between theoretical and simulated velocities

because of the large friction between the billet and the
extrusion wheel, whereas the metal flow velocity at the
bottom of the wheel groove is 5 mm/s higher than that in
the filing zone because of the adhesive friction. The
billet moves with the rotation of the extrusion wheel,
without plastic deformation, and the flow velocity is
more uniform (Fig. 8(b)). In the upsetting zone, the metal

(a)

v, =50 m/s
vg=60 m/s
ve=T0 m/s
vp=80 m/s
V=90 m/s
vi=100 m/s
ve=110 m/s
v =120 m/s

(c)

v,=40 m/s

vg=51.4 m/s
v=62.9 m/s
vp=74.3 m/s
ve=85.7 m/s
vi=97.1 m/s
v=109 m/s
v =120 m/s

(e)

v,=20 m/s
vg=22.1 m/s
V=243 m/s
vp=26.4 m/s
v=28.6 m/s
vi=30.7 m/s
vg=32.9 m/s
vi=35 m/s

Rolling direction

flow direction changes because of the increase in the
front resistance. In addition, the radial direction of the
extrusion wheel is gradually filled until the entire wheel
groove is full. In this velocity distribution, the velocity is
reduced in the vertical direction because of the blocking
of the abutment (Fig.8(c)). Moreover, the billet
accumulation occurs at a right-angle bending and the
velocity is low. However, when the billet leaves the
right-angle bending, a certain increase in the velocity
occurs. In the expansion extrusion zone, the metal flow is
faster near the die exit, and the velocity of the gradual
flow to the calibration bench tends to be smooth. The
metal flow rate away from the centre as well as the
cavity contact area is low because of the existence of a
dead zone (Fig. 8(d)). In the transition zone, the metal is
extruded from the die exit; this extrusion can be
considered a rigid motion at a velocity of 23.7 mm/s.
Figure 8(e) shows the velocity distribution in the roll
forming zone. The velocity of the billet exiting from the
roll is 8 mm/s higher than that of the billet entering into
the roll because of the forward slip phenomenon in the
roll zone. In addition, the metal flow in the entire metal
zone is more uniform. After the metal flows out of the

(b)

v,=100 m/s
vp=104 m/s
ve=108 m/s
vp=111 m/s
vi=115 m/s
vi=119 m/s
vg=123 m/s
V=126 m/s

v,=5m/s

vg=11.9 m/s
v~18.8 m/s
vp=25.6 m/s
v=32.5m/s
vi=39.4 m/s
v=46.3 m/s
vi=533.1 m/s

Fig. 8 Distribution of velocity at each stage
of continuous extrusion and rolling: (a) Pass
rolling zone; (b) Filling zone; (c) Upsetting
zone; (d) Expansion extrusion zone; (e) Roll

forming zone
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roll, most of the metal flow velocity is consistent and
stable. This velocity can be considered a rigid body
movement at a velocity of 33 mm/s.

4 Conclusions

1) The bite condition of continuous extrusion was
determined through theoretical calculations.

2) A compatibility equation for the continuous
extrusion and roll forming velocities was established.

3) The relationship between the continuous
extrusion and rolling velocities was obtained. The
accuracy of the compatibility equation for the continuous
extrusion and rolling forming velocities was verified by
numerical simulations.
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