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Abstract

This study aimed to optimize cross-sectional area of the extruder and the flow
rate of the material through the extruder. Extrusion process was first mod-
elized using the continuum mechanics method before being simulated with
the commercial software LS-DYNA using the Johnson-Cook model based on
the finite element method after optimization of the factors with simplex algo-
rithm. The study was carried out on a connecting rod: diameter of 145 mm,
cross-section of 1.65 m? length of 0.25 m, volume of 0.41 m? and a mass of 37
kg. Optimum parameters obtained were temperature of 850°C, flow rate of
0.237 m/s, die diameter of 19.2 mm, pin diameter of 14 mm, extrusion
strength of 565.6 kN and press pressure of 245 GPa. From these factors, a
blank was obtained with external and internal diameters of 19.2 and 14 mm
respectively over a length of 28 m with a thickness of 2.6 mm. Simulation us-
ing LS-DYNA software resulted in a difference in values of 7.4% between op-
timization and simulation when the difference of 2.4% was found between
modelling and simulation. These values make the process optimal for indus-
trial application to improve the extrusion requirements of copper tubes.
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1. Introduction

The manufacturing of copper tubes is a process that requires several steps in a
manufacturing chain leading to a final product that meets the customer’s re-
quirements. Extrusion, drawing and thermal treatment are the most important
of these [1]. To be able to satisfy customers, the extrusion process should achieve
the industrial standard of high quality and efficiency. These criteria are impacted
by the extrusion process selected, the shape of the die and the manufacturing
tolerances.

Extrusion can be used to produce bars, solid or shaped sections, tubes, wires,
and rods. The extruded product quality depends on different factors such as
press, materials, equipment, and metal temperature; that lead to a careful choice
of the extrusion technique to be applied, which could be direct extrusion, indi-
rect extrusion, hydrostatic extrusion, conforming process, impact extrusion or
through extrusion [1]-[6].

Metal extrusion depends on several factors: materials, flow, temperature, press
[1] [5] [7] [8] [9]. In addition, the choice of die shape to be used will depend on
the profiles to be manufactured: mandrel and core die or finned die (tubes),
screw die (tubes, cables, films), jacket-type die (tubes, cables) [2] [6] [7] [8] [9].

Most significant extrusion defects during tube manufacture are oxides (due to
the passage of the billet through the press, the surface of which is coated with
oxides, which become locked into the structure of the section. This generates ar-
eas where the material becomes more delicate and consequently has a negative
impact on the mechanical properties of the material), cracks (which occur when
the extrusion speed is too high and the temperature is too high, or when the fric-
tion involved is too high), peeling defects (caused by the accumulation of waste
on the internal surface of the die) and central defects (caused by extrusion with a
non-uniform flow of the S or A type) [2] [3] [6] [10] [11] [12].

The control of the previously mentioned factors is very delicate at the indus-
trial scale, which is the reason why the Gécamines Laminoirs et Cableries
(LC/GCM) has launched this research, which allows the improvement of the ef-
ficiency of the copper tube extrusion process, whose main aim is to propose a
schema of homogenisation of the flow speed distribution of the materials at the
exit of the dies by the control and optimization of the operative and geometrical
parameters. For this purpose, the optimization using the non-deterministic
method by the simplex algorithm, the modelling using the continuum mechan-
ics model and the numerical simulation using the commercial software
LS-DYNA based on the finite element method using the Johnson-Cook model
have been done [2] [11]-[21].

2. Material and Methods
2.1. Raw Materials

The raw material in this study is a copper war bar of 99.86 wt% purity from

Usines Chimiques de Shituru/Gécaminesgroupe centre (US/GCM) and manu-
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factured into a rod at LC/GCM. Chemical analysis of the material was carried
out by atomic absorption spectrometry in the chemical analysis EMT Gecamines

laboratory.

2.2. Rods Preparation

Rods are prepared from a 120 kg war bar, which has been separated into three
parts of 40 kg each. The resulting portions are then pre-heated in a diesel fur-
nace at 850°C for two hours and then pressed into a 150 mm diameter container
to give rod round shape. The rod is subsequently processed to remove the oxide
layer and reduce its diameter to 5 mm and its mass to 3 kg. The equipment used
for this purpose was: a saw, a diesel furnace, a 750-ton press, a receiver, a point-
ing device, a die, a die holder, studs, a counter-die, a pin, an extrusion disc or
pad, a spanner, a pair of pliers, a scale, a calliper, a tape measure.

2.3. Extrusion Tests

Extrusion tests of the billets were carried out in the laboratory of LC/Gecamines
Groupe Ouest. They have consisted of billet pre-heating in a diesel furnace up to
the temperature of 850°C, loading the billet in the receiver to evaluate the flow
speed of the material according to the formula (1).

v=(2p/p)"’ (1)

where pis the copper density and vis the flow rate.
At the end of the test, the quality control of the resulting blank is performed
by:
- Sizing the billet (diameter: 145 + 2 mm, cross-section: 1.65 + 0.01 m?, length:
0.250 £ 0.001 m, volume: 0.41 + 0.01 m’ and mass of the billet: 37 kg).
A

- Calculation of the ratio between sections R=— (2) where A4, and A, are

the sections of the billet and the blank respectively.

- Calculation of the extrusion force F = % (3); pis the pressure applied
n

by the press [22].

2.4. Extrusion Optimization

The extrusion die and pin will determine the external and internal diameter of
the blank. Thus, three factors influence their choice: the billet pre-heating tem-
perature of 850°C (taken as constant in this study), the pressure supplied by the
press of 245 GPa (constant in this study) and the material flow speed.

The optimization method chosen is the non-deterministic method. It is a sto-
chastic method of the simplex algorithm with the objective of optimizing the die
section and the material flow rate [2] [23] [24] [25] [26].

At each iteration, a set of points is generated, by eliminating the point corre-
sponding to the highest value of zand determining a new point using the reflec-
tion operation. The position of this point is then modified by contraction or ex-
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pansion depending on the value of z at that point. When the optimal value is
achieved and no previous operation is satisfactory, the points are contracted in
all directions, reducing the search area [27] [28] [29] (Table 1).

Table 1. Input parameters of the algorithm.

Mass (m) 34
Die cross-section (X) >73.005
Section C (m/X) =250
State function (Z = pressure) limZ= X/m =250

2.5. Mathematical Modelling of Extrusion

To carry out the mathematical modelling of the extrusion of copper tubes, the

approach adopted was as follows:

1) The further statements [2] [30] [31]:

- The material (copper) used is perfectly bonded, any chemical or physical
transformation of the material is ignored. The internal energy is dependent
on the absolute temperature 7'(e = e( 7)) via the specific heat capacity c of the
material.

- The volume rate term of the received heat (r= 0) is negligible. The energy
creation is defined by the mechanical work rate.

- The deformation of the billet is uniaxial. Since the material under considera-
tion is isotropic, the deformation tensor is equal to the value of the deforma-
tion.

- The material flow is in a permanent flux.

- Copper heated to 850°C is viscous, it acts like an incompressible fluid.

V-(2n(7)é(v))-Vp=0 @)
V.V=0 )
pé%—-trz—v-q+o:é(v) 6)

y=\ 2 LA (7)

With:

€ : expansion factor

77 : the medium viscosity

£ : the tensor of strain rates

7 : is the generalized shear rate

T: the temperature in celcius

v: the flow of the material

p: the pressure

¢ the heat flux

The heat flux can be determined by Fourier’s law:

A(T,-T,)
L

=k (8)
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With:

k thermal conductivity. For copper, &= 388 W/mK

A: transferred surface (m?)

L: length.

2) The Law of Material Performance

It is experimentally established that molten metals do not have Newtonian
behaviour: their viscosity is not constant but changes with the shear rate. The
molten copper is taken as a plastic ideal fluid whose coefficient will be deter-
mined by the following formula [31]:

T=1, +n[%) 9)

With:
7. shearing stress

AV: increase in particle velocity
Ah: fluid film thickness

2.6. Numerical Modelling of Extrusion

To carry out the numerical modelling of the extrusion of copper tubes, the main
considerations are as follows [32] [33] [34]:

1) Assumptions

- The billets used for extrusion have a round shape.

- The modeling is performed on the LS DYNA finite element software.

- The material is viscoplastic, Ze a thermomechanically coupled law of behav-
iour.

2) Geometry

The copper billet is round with the dimensions of 145 + 2 mm in diameter,
1.65 + 0.01 m? in cross-section, 0.25 = 0.001 m in length and 0.41 + 0.01 m’ in
volume. It had a mass of 37 kg and was then heated to a temperature of 850°C.

3) The following material behaviour law:

The Johnson-Cook model was used to define the performance of the material
during the extrusion of the billet, it is frequently used in hot forming, particu-
larly in compression and forging, and offers an excellent correlation with the
experimental data [12] [13]-[31]:

With:

A: the average flow stress (MPa)

B: the work-hardening modulus (MPa)

1: the work hardening coefficient

C the coefficient of strain rate sensitivity

€J : the reference strain rate (s-1)

&P : the plastic strains

&P : the strain rate (s-1)

T: the temperature of the deformed billet (*C)

T

iimit © the ambient temperature of the material (°C)
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T, : material melting temperature.
4) Limit conditions:
The limit conditions are such that:
- The die is recessed.
- The die penetrates the billet prior to the extrusion operation for the inner
diameter of the blank.
- The extrusion of the billet is carried out at temperature 850°C and the opera-
tion is carried out in an adiabatic environment.
5) Finite element model:
The tube starts its stroke outside the dies. A parallel displacement to the die
axis is specified at the nodes at the end of the tube. The displacement is a func-
tion of the percentage reduction and the simulation time. However, for all simu-

lations, the time is one second in order to simplify the calculations [31] [32].

3. Results and Discussion
3.1. Chemical Composition

The chemical composition of the war bar is shown in Table 2.

3.2. Extrusion Tests

The aim of the billet extrusion was to manufacture a tube blank that could be
used to produce a tube during cold drawing with a dimension of 17/14 mm [22].
The results of the extrusion tests are given in Table 3.

As the press force is a function of die diameter and billet temperature, the
smaller die diameter and billet temperature, the greater the force. After the ex-
trusion process, the blank obtained is of D« = 54 £ 2 mm, &y = 48.4 £ 2 mm
and thickness of 2.8 + 0.1 mm when applying an extrusion force of 493.52 kN.

The extrusion temperature of 850°C resulted in easier billet flow and defor-

mation. However, the maximum extrusion rate is reduced because of the high

Table 2. Chemical composition of the billet.

Elements % Cu ppmCo ppmFe ppmPb ppmNi %S % Si
Mass contents 99.86 15 42 457 <10 <0.01 <0.04

Table 3. Extrusion test results.

Billet mass (kg) 34
Dexternal (Mmm) 54
dhnterior (Mm) 48.4

Thickness (mm) 2.8
Section (m?) 450.15

Length (m) 8.51
£ 8.51
Extrusion force (kN) 493,515
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temperature peaks which could initiate melting of the billet.
The extrusion force is dependent on the billet temperature and the section ra-
tio. The latter gave us a value of 493.5145 kN for a ratio of 3700.

3.3. Extrusion Optimization

Several factors were optimized while keeping the same operating mode [23]:
- The diameter of the die which was obtained as a function of the pressure.
- The flow rate of the material was optimized by considering a permanent flow.

The results of this optimization are reported in Table 4.

The tooling optimization, using the non-deterministic method with the sim-
plex algorithm, was carried out keeping the same material characteristics as at
the industrial scale. The press force resulted in a blank with a dimension of
19.2/14 mm external and internal diameter, a thickness of 2.6 mm and a total
blank length of 28 m with an extrusion force of 565.6 kN.

3.4. Mathematical Modelling

3.4.1. Extrusion Properties of Copper

Copper is assumed to be elasto-viscoplastic at all temperatures. Its viscoplastic part

will be modelled by Johnson-Cook’s law. Its properties are abstracted in Table 5.
The copper properties presented in Table 5 are within the range of rheological

conditions for an optimal copper extrusion during its heat treatment from 850°C.

3.4.2. Modelling at Extrusion

Mathematical modelling of the billet extrusion was carried out using the con-
tinuum mechanics approach, considering the material properties presented pre-
viously [30] [31]. The following results were obtained:

- Stress: 366.07 MPa

- Extrusion force: 593 kN

- Flow rate: 0.237 m/s

Table 4. Optimization results for copper tube extrusion parameters.

Temperature (°C) 850
Pressure (kg/cm?) 250
Flow rate (m/s) 0.237
Die diameter (mm) 19.2

Pin diameter (mm) 14
Force (kN) 565.6

Table 5. Extruded copper properties.

v P T q c
(sh) (kg/m™3) [K] [W-m2K™]
1 8900 1123 2,357,100 274.7
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3.4.3. Comparing the Results of the Optimization and the
Modelling Approach

To evaluate the efficiency of the modelling approach, the significant difference
between the results of the optimization and the modelling approach was calcu-
lated; the results are shown in Table 6.

The results of the optimization and modelling provide a significant deviation
of 4.6%, which is rather small.

3.5. Numerical Modelling

3.5.1. Properties of Copper at 850°C
The copper properties at 850°C are shown in Table 7.

The results shown in Table 7 after stochastic optimisation using the simplex
algorithm were used as operating parameters for the simulation and modelling

of optimal copper extrusion.

3.5.2. Comparing the Results of Optimization, Modelling and Simulation
To assess the efficiency of the simulation carried out, the significant difference
between the results of the optimization, modelling and simulation was calcu-
lated. The results are presented in Table 8.

The deviation of the results of the optimization from the simulation is 7.4%
and that of the results of the modelling from the simulation is 2.4%, proving that
the factors optimized during the billet extrusion can be applied at the industrial
scale. These results allow for time and cost savings in tube manufacturing as the

simulated forces are more or less like those measured.

Table 6. Optimization results compared to modelling results.

Optimization 565.6
Extrusion force (kN)
Modelling 593
Deviation (%) 4.6
Table 7. Copper properties at 850°C.
A (MPa) B(MPa) C N M T(CC) TIr(CC) Time("C) &,
2 40.19 0.01 0.1 5.01 850 1083 20 9.41

Table 8. Comparison of optimization, modeling and simulation results.

Optimization 565.6

Extrusion force (kN) Modeling 593
Simulation 610.9

Deviation 1 (%) 7.4

Deviation 2 (%) 2.4
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The result of the simulation of the copper flow rate during extrusion is given
in Figure 1 below:
The factors that control the hot extrusion process are:
- The flow rate of the material.
- The coefficient of friction.
- The initial temperature of the tools.
Thus, after simulation of the flow rate, three zones were investigated, namely
- Zone 1: deformation zone located in the central part of the billet.
- Zone 2: intermediate zone which separates the two other zones.
- Zone 3: dead material zone at the contact of the billet with the die and the
container.
It is established that a high flow rate is obtained in the deformation zone in
the central part of the billet with a rate around 0.233 m/s, giving the same result

as in the experiment.

Norme du champ de vitesse
Unit: mm/s
Frin
372.763
347916

323.068

298.221

273.373

248.526

223.679

198.831

173.984

149.137

124.289

99.4418
74.5944
49.747

24.8996

0.0522592

Figure 1. Simulated copper flow rate results from extrusion.
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According to Palengat M. et al 2008, the deviation of the modelling results
from the experimental results should not be more than 25%. This deviation may
be related to the numerical stabilization used in the calculations or to the coeffi-
cient of friction with tungsten carbide. The models adopted in this approach are
suitable and can be used at industrial scale as the deviation of the modelling re-

sults from the experimental results does not increase beyond 25%.

4. Conclusions

The approach applied in this research was to perform an industrial extrusion of
a copper tube from a billet. To achieve the objectives, an optimization of the die
cross-section and the material flow rate using the non-deterministic method of
the simplex algorithm was performed. The experimental results led to a mathe-
matical modelling and simulation using the LS-DYNA software.

For a billet with a diameter of 145 mm, a cross-section of 1.65 m?, a length of
0.25 m, a volume of 0.41 m?® and a mass of 37 kg, the main results obtained are
following:

- Optimization of the factors resulted in a temperature of 850°C, a flow rate of
0.237 m/s, a die diameter of 19.2 + 0.02 mm, a punch diameter of 14 + 0.02
mm, an extrusion force of 565.6 kN and a pressure of 245 GPa. These factors
have resulted in a blank with dimensions of 19.2 + 0.02 mm and 14 + 0.02
mm outer and inner diameters, 28 + 0.1 m in length and 2.6 + 0.01 mm in
thickness.

- Modelling of the factors led to a temperature of 850°C, a flow rate of 0.237
m/s, an extrusion force of 593 kN and a pressure of 245 GPa. The values of
these factors have resulted in a blank of similar dimensions to those obtained
after the optimization.

- Simulating of the factors led to the same values as above with an extrusion
force of 610.9 kN and the same blank.

After simulation using LS-DYNA software, deviations of 7.4% between the
optimization and the simulation and 2.4% between the modelling and the simu-
lation were obtained. These values are within sustainable limits and confirm the
industrial application of the approach to improve the tube extrusion process. A
study to optimize and simulate the heat treatment of copper and to determine
the defects resulting from the heat treatment could be carried out for a more re-

fined extrusion.
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