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Abstract Increasing production efficiencywhile using themaximumeffort to utilize
energy and keeping the quality of products steady at the same time has been a
complicated task for industries and manufacturing firms. The manufacturing process
like extrusion plays a great role in improving product sustainability due to its near
net shape fabrication character. But still, this process did not achieve its ultimate
product enhancement capability. During the aluminium extrusion process, multi-
hole extrusion dies are implemented to produce several extrusion products at a time,
which maximizes the productivity of this process. But still, some improvements have
been left to product quality enhancements. In this study, process enhancement has
been taken care of to improve the productivity of the multi-hole extrusion process. A
simulation of direct hot extrusion of AA6063 aluminium alloy is performed by using
DEFORM-3D software at different extrusion process parameters, and the results
were analyzed using the finite element method.Please confirm if the corresponding
author is correctly identified. Amend if necessary.It is correct. No changes required.

Keywords Extrusion process · AA6063 aluminium alloy · DEFORM-3D · Finite
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1 Introduction

An aluminium alloy of AA6063 which is produced by using extrusion process
is mostly implemented for architectural applications due to their light in weight
structure and high-strength properties and have much interest across the globe. An
improvement in production efficiencies and process enhancement of aluminium alloy
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processing’s have been the crucial task for aluminium extrusion industries. The extru-
sion of metals can be hot or cold, but for better product improvement hot extrusion
will be implemented. Single-hole extrusion occurswhen the extrudate passes through
a single hole in the die; however, multi-hole extrusion occurs when the die has more
than two holes. During the extrusion process of aluminium, multi-hole extrusion dies
are implemented for the production of several extrusion products at a time, which
maximizes the productivity of this process. Another merit of multi-hole extrusion
die is the ability to reduce the reduction ratio. When a die of single hole is used
then excess amount of force is required for the extrusion process. Therefore, when
an excess stem force capacity is needed multi-hole extrusion process will be imple-
mented in industries [1, 2]. In comparison to a single hole extrusion, Sinha et al.
[3] found that during a multi-hole extrusion operation, half of the extrusion pres-
sure is needed. When it comes to capability of extruded products, the detailed work
of [1, 3–6] confirmed that more extruded products can be obtained with relatively
minimum amount of press capacity during multi-hole extrusion process than single
hole extrusion.

An extensive review of past literature reveals that for better product quality and
product efficiency pre-heating temperature, ram speed, extrusion ratio, cone half-
angle, bearing length, etc. are the process parameters mostly needed to be opti-
mized during extrusion processes. However, in most extrusion process, these sensi-
tive processes parameters have been decided based on practice, the skill of workers
and in most cases through trial and errors [7]. These leads to defects in extrudates
such as; crack or surface burning, twist deformation, variation in material flow, wave,
and bend appear, and actual production has to be stopped or postponed [7–9].

As stated by Saha et al. [10] die geometry and process parameters during multi-
hole extrusionhave a huge impact on the quality of extrudates.A studybyPrabhu et al.
[11] found that the process parameters during the extrusion of AA6061 aluminium
alloy have a significant contribution to the quality of extrudates needed to be opti-
mized. Different optimization technique will be applied to study the effects and
relations of extrusion process parameters.

In the study of Fang et al. [1] billet pre-heating temperature is the most affecting
extrusion process parameter, which needs a critical balancing during the extrusion
process. This is due to its higher possibilities to influence the quality of extruded
products and the ram speed.

An investigation on AA6061-T6 alloy of a twist extrusion process by Iqbal et al.
[12] found that the mechanical properties can be improved up to 10% by increasing
the number of passes and extrusion temperature during the twist extrusion process.

During the pyramid die extrusion process, the increment in ram speedwill increase
welding pressure, extrusion force, and velocity distribution but, the length of trans-
verse weld decreases simultaneously Chen et al. [13]. One of the complicated tasks
for the multi-hole extrusion process is designing and analysis of die geometries. Die
geometry determination, optimization and FEM analysis for multi-hole extrusion
process have been investigated by many scholars [14–16], and they come up with
better die designing and design considerations in their study.
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Microstructure investigations and numerical and computational modelling of
manufacturing processes have a lot of potential to improve process efficiency and
product quality. A simulation work and numerical relation of arbitrary Lagrangian–
Eulerian (ALE) by He et al. [17] predicted the extrusion process defects, which are
experimental verified in their result. The effect of steps in the die pocket on metal
flow is investigated using 3D FEM simulation to create two chevron profiles with
unequal thicknesses via two-hole dies [1]. Since, the simulation work and experi-
mental results were in good agreement for their study [1], they suggested that 3D
FEM demonstration is a powerful tool in optimizing die design and decreasing the
number of trials in extrusion process. It is also found that the effective strain, which
offers information about the material’s work hardening during the extrusion phase
is dependent of the ram speed, extrusion load, and die pocket in their FEM analysis
[2]. A numerical description made by authors [18] also formulated a mathematical
relation for stress and velocity fields as well as strain rate of axisymmetric hot extru-
sion process using finite volume methods. The authors proposed a new numerical
scheme for calculating stress and velocity fields of metal flows in the axisymmetric
extrusion phase of aluminium alloy 6351 in steady state.

There have been little investigations performed regarding to multi-hole extrusion
process combinedwith capability andproduct enhancements. Therefore, in this study,
the product capability enhancement through multi-hole extrusion die is investigated
using numerical approach.

2 Numerical Procedure

Therefore, the latest analysis of simulations performed using a metal forming simu-
lation software DEFORM-3D 11.0 plat form, which incorporates with thermome-
chanical linking, automated meshing, and dynamic re-meshing into this program,
both of which are essential for realistic extrusion process modelling. This simu-
lation is performed for the multi-hole extrusion process of AA6063 aluminium
alloy. DEFORMprocessing implements time-dependent non-linear problems, which
creates a continuous finite element solution at distinct time increments. A moded
plastic deformation behaviour of metal forming process implemented in this study
uses a finite element analysis software DEFORM-3D.

The fundamental equation of the finite rigid-plastic part are as follows:
Equilibrium equation:

σi j, j = 0 (1)

Compatibility and incompressibility equations

ε̇i j = 1

2

(
ui j + u ji

)
(2)
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ε̇v = ui j = 0 (3)

Constitutive equations:

(4)

Boundary conditions:

σi j ni = Fj on SF , ui = Ui on SU (5)

where σi j , ε̇i j , σ and ε̇ are the stress, strain rate, effective stress as well as strain
rate, respectively. Fj denotes force on boundary surface (SF ), andUi as deformation
velocity on boundary surface (SU ). By applying the variational method to Eqs. (1–4),
the rigid-plastic FEM’s weak form to be calculated i.e.

∫

V
σδεdv + K ∫ εV δεV dV −

∫

SF

FiδuidS = 0 (6)

where V and S are the volume and the surface area of the material, respectively, and
K is the penalty constant.

A Von Mises yield criteria is implemented in DEFORM-3D for solving the
problems. Equations (7) and (8) show the effective strain and stress respectively.

ε =
√
2

3

√
(ε1−ε2)

2 + (ε2−ε3)
2 + (ε3−ε1)

2 (7)

σ = 1√
2

√
(σ1−σ2)

2 + (σ2−σ3)
2 + (σ3−σ1)

2 (8)

where εi and σi are the principal strain and stress in the direction of i respectively.
The heat transfer coefficient between tool and billet was set as 11N/smm°C as per

authors [5]. Table 1 shows the parameters and the necessary boundary conditions that
were needed for the present simulations. The workpiece was allocated tetrahedron
elements, which are simple to discrete an irregularly shaped object [1].

As per component descriptions in Table 1, the geometries of billet, ram, and
the bottom die at various number of holes were produced in Solid works 2019,
as shown in Fig. 1. Then, using Table 1, the boundary conditions for both dies
and billets were set, and the billet was assumed to be plastic in a circular shape,
with material properties assigned according to the material model. An even mesh
distribution throughout the workpiece is performed for maximum data storage usage
and utilization of computing time. Figure 2 depicts the meshed billet, die, and other
extrusion tooling. The meshing models of billet and both dies are shown in Fig. 3.
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Table 1 Component description and boundary conditions

Components Size Boundary conditions

Billet 40 mm dia, 50 mm length • Preheat temperature 450 °C
• Meshing type Tetrahedral(a)

Container 50 mm outside dia, 40 mm inside dia, 60 mm
length

• Preheat temperature 250 °C
• Coefficient of friction 0.1

Ram 40 mm dia, 100 mm length • Pre heat temperature
250 °C

• Ram speed 6 mm/sec
• Coefficient of friction 0.1

Bottom die 50 mm outside dia, 40 mm inside dia, 9 mm length
1-hole, 2-holes, 3-holes and 4-holes with an equal
hole diameter of 5 mm

• Pre heat temperature
250 °C

• Coefficient of friction 0.1

Fig. 1 Model of dies. a 4-holes die. b 3-holes die. c 2-holes die

Fig. 2 Geometric models
and meshing of a billet, die,
and ram

By properly generating mesh, accurate simulations can be obtained. The material
deformation is generally controlled by suitable reformulation of the mesh at each
phase.
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Fig. 3 Meshing models. a Billet. b Ram. c Container. d 2-hole die

2.1 Material Models

The hot deformation behaviour of billet materials has a huge contribution in deter-
mining extrusion process parameters during the hot extrusion process [19]. In the
bulk metal forming process, the flow stress value and calculation will have high
impact on the process of the operation.

The Arrhenius hyperbolic sine function describes the material model of AA6063
aluminium alloy [20].

ε̇ = 8.99 × 1013[sinh(0.01499σ)]7.28391 × exp

(
261848

8.314T

)
(9)

where ε̇ is strain rate of AA6063 aluminium alloy billet, σ flow stress, and T is the
temperature in K.

3 Results and Discussion

This section presents the results obtained from the numerical investigation of the
multi-hole extrusion process parametric optimization for AA6063 alloy.
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Fig. 4 Billet material flow through 4-holes die (d = ram displacement). a d = 0 mm. b d =
3.32 mm. c d = 4.15 mm. d d = 5.41 mm. e d = 7.2 mm

3.1 Numerical Investigation

3.1.1 Material Flow

The ram displacement with the material flow characteristics during the multi-hole
extrusion process is depicted in Fig. 4a–e. In the figure, the extrusion process from
beginning up to the required displacement is shown. In Fig. 4b, the billet material
is starting its plastic deformation and as a result, the materials about to exit the die
holes, at this point the ram force will have a uniform characteristic. The influence of
uneven velocity distributions exhibits a deflection of extrudates as shown in Fig. 4e.

3.1.2 Numerical Analysis

Figures 5, 6, and 7 show damage velocity distribution, contact time, strain distri-
bution, effective stress distributions, and load stroke curves during the multi-hole
extrusion process. The simulation images are taken at the same boundary conditions
as mentioned in Table 1 and the same extrusion process parameters except for the
number of hole difference.
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Fig. 5 Simulation results of a damage, b velocity distribution, c contact time, d strain distribution,
and e effective stress distribution and Load distribution for the 2-hole die extrusion process

The extrusion process parameters for Figs. 5, 6, and 7 are when ram speed is
6 mm/s, extrusion temperature is 450 °C and 2, 3, and 4 number of holes in extrusion
dies is selected for discussions.

3.1.3 Damages

As it is observed from Figs. 5, 6 and 7 damage for each consecutive multi-hole die
extrusions, the damage is decreased when the hole numbers in the die increase. For
2-hole and 3-hole die extrusion, the damage values are more than one which is an
undesirable effect for extruded products.Whereas for the 4-hole die extrusion process
the damage value is below one, this shows that the extrudate qualities for 4-hole die
extrusion are relatively in safe condition than the 2-hole and 3-hole extrusions. But if



Numerical Investigation of Product Capability … 799

Fig. 6 Simulation results of a damage, b velocity distribution, c contact time, d strain distribution,
and e effective stress distribution and Load distribution for 3-hole die extrusion process

proper optimization is taken care of for 2-hole and 3-hole die extrusion, the damage
of extrudates can be managed as well.

3.1.4 Velocity Distributions

The velocity distribution for 2-hole and 3-hole die extrusion is somewhat uniform
which helps the extrudate to flow out uniformly. But for 4-hole extrusion die rela-
tively none uniform velocity distribution is observed that why a relative tangled
effect of extrudates is observed. As most of the works of literature are depicted
the velocity distributions of extrudates can be optimized through an extrusion die
geometry optimization.
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Fig. 7 Simulation results of a damage, b velocity distribution, c contact time, d strain distribution,
and e effective stress distribution and Load distribution for 4-hole die extrusion process

3.1.5 Contact Time

If the contact time between billet and extrusion tools is small, there will be a higher
chance of reduction to sticking condition of friction between material and tool inter-
faces. This will enhance the extrusion speed and improve die tool life. Figures 5,
6, and 7 of figure (c) show the contact time for 2-hole, 3-hole, and 4-hole extru-
sion die. The simulation result shows that for 2-holes and 2-holes extrusion die the
contact time is higher than that of the 4-holes extrusion process, therefore, contact
time improves at 4 number of holes during multi-hole extrusion.
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3.1.6 Stress, Strain and Load Distribution

The difference between simulation results, stress, and strain distribution for all three
simulations doesn’t exhibit a huge difference. This is because the same extrusion
process parameters have been implemented for all three simulations. When different
extrusion process parameters are used it is observed that the effective stress and strain
values fluctuate accordingly. However, the influence of these parameters can be seen
in the load stroke distributions of three simulations. As shown in Figs. 5, 6, and 7, the
ram force needed for multiple hole extrusion method diminishes as the hole number
in the extrusion die rises, indicating that this study agrees with previous research that
suggests implementing multi-hole die extrusion for better energy utilization.

4 Conclusions

The numerical investigation on product capability and enhancement for multi-hole
extrusions are investigated by using DEFORM-3D commercial software and as per
the results obtained from the numerical approaches the following conclusions are
drawn:

• The enhanced damage value is obtained when 4-hole dies are used during multi-
hole extrusion process.

• A tangled effect observed during 4-hole die extrusion is as a result of geometrical
relation of the extrusion die rather than the process parameter determinations.

• The contact time between extrudates and extrusion components are improved in
4-hole die extrusion that will minimize the tribological effect between interfaces
and have a huge contribution for tool life.

• As compared to the smaller number of holes in the die, the ram force needed
for a larger number of holes is minimal. Therefore, the investigation is in good
agreement with previous investigations in multi-hole extrusion process.
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