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Abstract

This paper presents an overview of the recent advances in optimization of die design through finite element analysis for alu-
minum alloys of 6xxx series. The die design and optimization play a crucial role in the production of 6xxx series alloys, in
order to attain high quality’s final products. Before the use of finite element analysis (FEA) in aluminum extrusion industry,
many experiments and modifications are needed until an acceptable product becomes available. The use of finite element
analysis acquires a key role in the direction of eliminating trials and defective extrudates and use is gaining more and more
ground through most of the manufacturers. This review will show how various studies try to enhance the performance of
the extrusion dies through simulations and how the majority of the most common defects could be prevented if the use of
the suitable software and techniques are implemented. The main covered areas from the current review are material flow
optimization, flow balance in extrusion of complex aluminum profiles, spread extrusion die design, optimization of porthole
extrusion dies, front end and back end defects, die bearing geometry and surface defects, automatic die design optimization

and liquid nitrogen die cooling.
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1 Introduction

Many studies on the optimization of die performance with
the use of FEA have been carried out since software solu-
tions appeared. Problems such as surface defects (e.g.,
streaking and spangling), transverse welds, welding sur-
face formation, extrusion exit speed heterogeneity, extru-
dates’ geometry problems can be easily prevented on the
use of special extrusion simulation software. In addition,
material flow optimization investigation through innova-
tive die design concepts and use of technologies special-
ized in increasing the productivity rates of extrusion lines
(e.g., liquid nitrogen) can be studied with FEA. Two are
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the most common formulations approaches that are used in
order to simulate the filling process during the extrusion.
These are the Arbitrary Lagrangian Eulerian and the Eule-
rian (Steady State). The Arbitrary Lagrangian Eulerian
one can simulate the filling process of the die by using a
self-developed pressure and temperature-dependent fric-
tion model. Figure 1 depicts the simulated model of a
porthole extrusion die, in which the Arbitrary Lagrangian
Eulerian approach has been used. The Eulerian (Steady
State) formulation uses a fixed mesh so it cannot simulate
the filling process of the die but offers possibilities such
as decreased computation times [1]. However, there is also
the updated Lagrangian extrusion analysis that simulates
material flow in an intuitive way as commonly observed
on an extrusion press. The extrusion process is divided
in many time steps which are solved in a sequence [2].
Concerning the updated Lagrangian analysis, the velocity
v at each node in the model is calculated at every step, and
these nodal velocities are then used to update the nodal
coordinates x. The effective strain € and other state vari-
ables are updated as the following equations indicate.

Xn+l =)(n+\/n+lAt (1)
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Fig.1 Demonstration of HyperXtrude software (ALE approach)
showing the porthole, the welding chamber, the bearing and the
extrudate

En+15n + én+1 At (2)

where n+ 1 and n are the current and previous steps, respec-
tively. The main disadvantage of this method is the require-
ment for repeated remeshing due to large deformation at the
entry to the bearing channel.

During a Eulerian-type analysis, the velocity field is cal-
culated in a similar way to the Lagrangian method. This
velocity field is then used to update the nodal coordinates
of the initially straight extrudate so that the nodes satisfy the
following equation.

Vi'n=0 3)

where v, is the nodal tangential velocity and n is the outward
normal from the extrudate surface. The effective strain is
based on the following equation.
€= % +v.-Ve “4)
where v, is the cross-sectional velocity at a certain point.
The Arbitrary Lagrangian Eulerian (ALE) formulation
is an attempt to combine the advantages of both the Eule-
rian and Updated Lagrangian methods. The ALE method
uses two mesh systems: the computational reference mesh
system (CRS), on which the finite element calculations are
performed, and the material reference mesh system (MRS),
which follows the material as it deforms. Due to the differ-
ence in CRS and MRS systems, variables such as effective
strain () are given by the following equation.

0 ppcE _
C;: = ¢ — (Vyrs — Vers) - VE (5)

where Vs is the velocity for the Material Reference Mesh
system and Vg is the velocity for the Computational Refer-
ence Mesh System.
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Hora et al. [3] introduced a specialized ALE-FE code
that allowed the combined simulation of the filling process
of the extrusion die and the subsequent profile extrusion in
one single simulation. The method, that used a pre-meshed
filled extrusion die, is implemented to the finite element
code press form and avoided any re-meshing operations
inside the extrusion tools.

Donati et al. [5-7] investigated the advantages and limi-
tations of finite element analysis to predict material flow
and optimize the die design. Two software solutions that
use the previously mentioned formulation approaches have
been selected and the results showed that they successfully
predicted material flow and simplified the tool design pro-
cess by reducing manufacturing time and costs [4]. Many
studies have proved that finite element analysis methodology
has become the most important tool for extrusion process
optimization to attain a high-quality product. As a result,
the simulation of the extrusion process by means of FEA
has been used in many studies [5-7].

The effect of die-bearing geometry on surface recrystal-
lization during extrusion of an Al-Mg-Si-Mn alloy has been
studied in another research and it has been found to have a
strong impact on the thermomechanical history of the mate-
rial close to the surface of the extruded section and therefore
on the resulting surface microstructure. It was also shown
that a layer of large surface grains (peripheral coarse grain,
PCG) was produced using a zero-bearing die, whereas the
choke die prevented PCG layer formation [8]. Bearing design
holds a vital role in attaining high-quality extruded prod-
ucts. Adjustment of the bearing length in order to eliminate
profile distortion is a common practice in industrial envi-
ronments, but high costs are commonly present with these
techniques. A new algorithm for the optimization of bearing
lengths based on the core mechanics of extrusion process
has been presented by Mayavaram et al. [9]. The results pre-
sented clearly showed that the process was reliable. In their
specific algorithm, bearing correction was accomplished
by the solver, using a standard set of extrusion flow rules
based on material flow imbalance, friction, local die open-
ing thickness and ratio of perimeter to cross-sectional area.
When the desired uniformity in exit speed was reached, the
optimization iterations finished. Analysis was controlled by
identifying the maximum number of optimization iterations
and the allowed variation in the exit speed. In the selected
profiles, deviation in the exit speed decreased from 25 to 4%
during six iterations.

In another work [10], a multitooth aluminum alloy radia-
tor was designed, however numerical simulations and exper-
iments showed that the extruded section could not be able to
meet the quality standards due to material inhomogeneity.
Four different die modifications were proposed to enhance
the solution. The implemented changes to die were resizing
the porthole design, redesigning the bearings, adding baffle
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plates and chamfering the support of the mandrel. Through
a series of FEA simulations, the velocity deviation in the
cross section of the radiator was decreased from 34.9 mm/s
to 8.3 mm/s. The standard deviation of the velocity field in
the cross section reduced from 10.7 to 3.3 mm/s, and the
velocity uniformity was improved significantly.

As die and tooling defects are one of the major sources of
extruded product defects and the corrective or maintenance
operations of extrusion dies are carried out regularly, Qamar
et al. [11] presented a study that defined all major die defects
and presented their causes, the possible preventive measures,
and the die correction operations (where required). The data
were gathered from a regional aluminum extrusion factory,
representing a typical medium-to-large size plant. The pre-
sented information was based on the number of dies sent
for correction over a period of three years. All the dies were
constructed from H13 tool steel, and the extruded aluminum
alloy was either 6061 or 6063. A frequency-based statistical
study of correctable die defects was also given, with the idea
of identifying the most frequent problems. That work could
serve as a detailed single-source reference for repairable die
defects and the subsequent corrective operations. However,
it is easily noticed that the available time for so many trials
and modifications are not available to most of the extruders.
So, the use of FEA can play a vital role to minimize the time
needed for large-scale projects or die corrections.

The presented paper is organized in eight sectors. These
sectors have been decided after taking into account at around
500 published scientific papers concerning aluminum extru-
sion die design optimization with finite element analysis
techniques. Taking all the above research into account the
following subjects have been selected as most important and
a critical review on them has been made. These subjects
are: Material Flow Optimization, Flow Balance in Extru-
sion of Complex Aluminum Profiles, Spread Extrusion Die
Design, Optimization of Porthole Extrusion Dies, Front End
and Back End Defects, Die Bearing geometry and surface
defects, Automatic Die Design Optimization and Liquid
Nitrogen Die Cooling. Concerning the last are of interest,
there are not many research, but it is a field that some impor-
tant and innovative researches, that combine metal 3d print-
ing and liquid nitrogen cooling, have been published, so it
has been considered useful to add them to this review.

2 Material flow and optimization

Knowledge about material flow during the extrusion of alu-
minum alloys plays an important role to recognize and ame-
liorate quality problems during the manufacturing process.
The use of finite element analysis software has added a very
strong tool during these efforts, as many costs that have been
connected with production trials have been diminished. In

addition, very useful information about the stresses, the fric-
tion, the weld strength and the temperatures of the extrudates
can be exported from these analyses and the procedure of
process optimization can be accelerated importantly.

Several techniques can be used to simulate the stresses
in the extrusion dies. One option is to design the extrusion
process using rigid dies that do not deform, but this option
may cause severe inaccuracies during the simulation pro-
cess. However, there is a second technique called coupled
die stress analysis, where dies are designed to elastically
deform during the extrusion process. This coupled die analy-
sis has been used in order to investigate why a die holder is
cracking. A study has shown [12] that a high tensile stress
was observed in the holder at the location of the cracks. The
proposed solution was to transfer the bridges in the holder to
the cartridge, in order to get rid of the previously observed
bending stress. Finally, the material flow for the two die
designs was analyzed and it was identified that the weld
seam locations were different due to the geometry of the
ports in the die.

Concerning the friction during extrusion, the evaluation
of tribological behavior of the Torsion-Tribo-test and the
possibility of those data can be transferred to different new
friction models has been studied by Hora et. al. [13]. Extru-
sion process is highly sensitive to frictional effects. The fric-
tional stress (t) will be frequently specified as a function of
the yield stress kf based on temperature T and strain rate
¢ as well as of the pressure p and relative velocity vrel, as
Eq. (6) shows below:

T =1{p, V. ke (T. €) } (6)

However, due to the contamination of extruded material
to the die surface, the contact conditions are time dependent.
Due to this phenomenon, the frictional behavior becomes
dependent to the length of the extruded profile (Lextru-
dated), as the following equation explains.

T= T{p’ Vrels kf(T’ é)’ Lextruded} (7)

In the framework of another study [13], three friction mod-
els have been studied. The first one was based on a Bingham/
Coulomb approach taking temperature into account. Despite
its simpleness, it had some disadvantages concerning its
behavior for high pressures, because shear stresses will exceed
the maximum shear strength given by kf (¢,T) / \/§ . The next
model used the shear friction approach to find the friction fac-
tor m(p,v) as a function of pressure and velocity. The influence
of temperature changes on friction has been neglected dur-
ing experimental studies (T =400 °C), because temperature
is introduced to the shear stress calculation by the yield stress
kf (¢,T). Model 3 is based on Model 2 but takes temperature
directly into account. Using that method, it has been shown
that the friction factor had its physical range from O to 1 and
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the predicted frictional stresses directly influenced by the yield
stress based on the simulation.

Apart from the above studies, viscoplastic analyses of
the material flow inside a porthole die was presented by
Kloppenborg et al. [14]. A particular modular tool design
was developed to prepare and simulate the material flow
inside the process. The results of the experimental analysis
during the production process were used for the validation
of numerical results which were simulated with the special
software Deform3D and HyperXtrude. HyperXtrude uses
the Euler formulation, wherein a room fixed mesh is used.
Consequently, the overall material flow in the process has to
be modeled. On the other hand, in Deform3D, the Lagrange
formulation has been chosen. There, the finite element mesh
is linked to the material flow and remeshing is required dur-
ing the simulation process to maintain a good mesh quality.
For Langrange formulation, all of the components were dis-
cretized with linear tetrahedral elements. The results from
the FEA simulations show that the material adheres on to
the die walls. During the validation of the numerical results,
material flow can be predicted accurately from both codes.

In another work [15], a two-step friction test was per-
formed. In the initial step, an aluminum cylindrical specimen
is placed in a ring-shaped steel die between two punches and
compressed to a standard stress state chosen according to dif-
ferent extrusion conditions. In the second step, the force of
one punch is kept constant while the other punch is moved by
controlled displacement to shift the specimen. With increas-
ing temperature from 400 °C to 500 °C, the friction stress t
decreases from 26 to 15 MPa. A very thin aluminum layer
with a thickness of about 30 pm has been noticed on the inner
surfaces of the die after the friction test, that was a strong
evidence an adhesion of an aluminum layer on the steel die
cannot be avoided. Finite element simulations were finally
performed to analyze the loading situations. A theoretical
model with slight modifications was applied to describe the
influence of normal stress and sliding velocity on friction
stress. The following equation was used to fit the experimen-
tal process data.

oN ¢ Vrel /V0) n
T =1y[1 —exp (—aE) 1+ [be (Ve / V)"l ®)

where 6, symbolizes flow stress, V, the sliding velocity, T
the shear flow stress and V,; a reference sliding velocity. The
parameters of the friction model (a,b,c and d) were deter-
mined by fitting the results of the friction tests. Particularly,
a=0.1,b=c=1and d=0.7.

During another study [16] a multi-objective virtual opti-
mization of industrial porthole dies for the optimization
of profile quality (seam welds strength), of the production
rate (material flow uniformity and ram speed), and of die
strength, have been tested. Two profiles were chosen, a thick
round tube and a more complex hollow rectangular profile.

@ Springer

The geometric input variables most affecting the extruded
section together with the ram speed were selected as vari-
ables. A multi-objective optimization was implemented by
means of multidisciplinary design optimization (MDO) plat-
form mode FRONTIER using meta-models generated over a
selected set of experimental and numerical training designs.
A meta-model is a model of the model, which means it is
a mathematical algorithm or correlation, representing
input—output relationships defined according to the given
database of training designs. Concerning the same study,
experimental and numerical research have been combined in
order to create an initial set of training designs delivered in
the variable space. This set allowed the authors to generate
the most proper predictive meta-models. For the round pro-
file, the starting point was an experimentally tested design
(V1), already optimized without any automated approach
with respect to the initial design (VO0). Starting from V1,
the average pressure in the welding chamber was increased
by 2.6% and the quality index by 13.8%, in comparison with
V1. The peak principal stress, as well as the peak mandrel
displacement were no changed, while the relative exit speed
difference at the bearing exit was improved by 1.5%, in rela-
tionship with V1. Talking about the second industrial case,
its complexity was the reason of that choice even though no
experimental evidence was available. Researchers achieved
an increase of 4,4% to the average welding chamber pres-
sure, and 48,9% to the quality index. Finally, the peak stress
in the die was significantly reduced from 678 to 493 MPa
(27.3%).

Material flow and thermal behavior during extrusion
process were investigated numerically and experimentally
in another work. It was found that the shape of the profile
during the exit from the die by simulation showed excel-
lent agreement with the production results. The average
exit temperature of the extruded profile (measured with
a non-contact infrared thermometer located 2 m after the
die exit) was about 513 °C by simulation and experimental
methods. In addition, the maximum extrusion load dur-
ing the production was 39MN, while it was found 36 MN
with simulation. Therefore, the numerical model used in
that research was capable enough to provide guidance in
determining process parameters and designing extrusion
dies [17].

Special design of pocket dies was the main core of
another study from Fang et al. [18]. Three two-hole pocket
dies with different steps were designed and used to manufac-
ture two aluminum profiles with unequal thicknesses simul-
taneously in another publication. It was confirmed that the
pocket steps can be efficiently used to adjust the metal flow
for multi-hole dies without other negative effects. The most
important conclusions obtained are as follows. The larger
number of steps in the die pocket increased the pocket angle
and made the metal flow easier. Uniformity of the material
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flow was significantly decreased as well. In addition, syn-
chronization of the profiles through the die exit was eas-
ily controlled with bigger number of steps in pocket dies.
Higher extrusion speeds were also achieved through multi-
steps pocket die, as the profiles have lower exit temperatures.
Finally, the maximum extrusion pressure decreases with the
number of pocket steps.

Large extrudates were always a great challenge concern-
ing their design optimization. Zhao et al. [19] proposed
different die design methods for large wallboard profiles in
another research. With the aid of numerical simulations con-
cluded that the use of double-step welding chamber and the
introduction of baffle plate in the lower die can adjust mate-
rial flow balance, acquiring a smoother velocity distribution
in the extruded section. However, the accurate information
(shape and dimension) of the baffle plate and the double
step welding chamber should be calculated considering the
distance from the extrusion center, geometric characteristics
of the extrudate and experimental observation.

Except for high-quality surface finish of the extrudates,
there is also an important demand to reduce variations in
dimensions and mechanical properties of extruded alu-
minum profiles. Material flow and temperature progress
during the extrusion process are some of the main causes of
such variations. Bastani et al. [20] used axi-symmetric finite
element simulations for a case that contained two exits: the
first near the center and the other closer to the container.
One of the important conclusions of the above work was the
strong correlation between the variation in the radial distri-
bution of the exit temperatures and the exit speeds during
an extrusion cycle. Another significant observation was the
fact that increasing the ram speed, the taper tends to increase
the effects of the variation. Furthermore, container cooling
seemed to influence the average exit temperature at only
low ram speeds.

Material flow is also strongly correlated with bearings’
design. Ammu et al. [21] presented a simplified approach
based on simulation technique for generating bearing
curve of an unsymmetrical profile. To describe the defor-
mation of aluminum alloys in hot working temperature
range, Sellars and Tegart proposed a mathematical equa-
tion and most commonly used to determine steady-state
flow stress [22] and expressed as:

7= (é)[sinh_l(Z/A)l/”] ©)
where Z is the Zener—Hollomon parameter and is determined
fromZ = ¢ exp(AH/GT), € is the equivalent strain rate, « is
reciprocal flow stress, AH is the activation energy, A is the
reciprocal strain factor, G is the universal gas constant and
T is the absolute temperature. A constant bearing length was
used throughout the profile and it was found that the veloc-
ity varied from 144 to 36 mm/s, with an average velocity

calculated at about 103 mm/s. After many iterations, bear-
ing lengths were varied using systematic iterative method
to achieve uniform temperature distributions and velocities
of the profile at die exit. The described process was used for
generating bearing curve of the unsymmetrical profile, and
it was found to be efficient. In order to confirm the above die
design proposal, a die was fabricated based on the gener-
ated bearing curve data and subsequently a press trial was
conducted on an extrusion press of 450ton capacity using
AA6063 alloy. The outcomes from simulations (extrusion
load and temperature) were in good correlation with the
experimental findings, confirming the validity of the pro-
posed method.

The ALE finite element simulation methodology has been
conducted by Park et al. [23] to analyze the deformation
behavior and the mechanical response of 6063 aluminum
alloy during the extrusion. From the comparison between
the experiment and the simulation result, it was found that
the FE analysis can predict the potential failure location
where not only the strain is mainly concentrated but also
the temperature rapidly increases. That information could
accordingly provide reasonable information to find the way
of problem-solving based on substantial research of physical
mechanisms of the material deformation numerically.

In another research [24], an innovative design meth-
odology for improving die life in hot extrusion processes
has been investigated. An effective approach for optimum
design of the die curve has been proposed. An algorithm
based on a gradient method and a rigid viscoplastic finite
element analysis were used for process optimizations. Die
profile was expressed by a cubic—spline curve. An updated
sequential quadratic programming (SQP) method was
applied as an optimization technique. Under the same extru-
sion conditions, the comparison of stress and force along
the tool-workpiece interface between the optimal and ini-
tial die profiles, which was calculated with the aid of FEA,
illustrated clearly that the stress and force that have been
developed at the tool-workpiece interface of the optimal die
profile are lower than those of the initial one. The resulting
forming-load has been decreased and resulted in a more even
die wear. As a result, the die life of the optimal die profile is
expected to be longer than that of the initial.

A correlation between the extrusion parameters, defor-
mation conditions and the grain structure was obtained by
combining numerical simulations and experimental results
after direct extrusion of aluminum alloy 6060 with a four-
hole die with chocked angle channels in another study from
Mueller and Sanabria [25]. It was found that dissimilar
material flow and measured temperature inside parallel and
choked channels generated different grain structures. Fur-
thermore, it seemed that the most influential parameters to
define the product microstructure were the speed and the
temperature inside the bearing channels (high deformation
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zone). Specifically, the strain rate inside the bearing channel
should be taken as reference. Finally, researchers concluded
that three zones with dissimilar grain size were clearly iden-
tified inside the bearing channels as well as in the extrudates.
Finer grains were observed at the extrudate surface due to
the higher strain rate near to the sticking friction zone.

The relative balance between the metal flow in two port-
holes in extrusion has been investigated by experiments and
FE-analysis by Valberg et al. [26]. The critical point in that
research was the fact that the billet was extruded through
a die with portholes of unequal size experimentally. The
metal flow has been designed by an experimental grid pat-
tern technique. On the other hand, a finite element model of
the experiment has been built and the experimental metal
flow was found to be imitated accurately by that model. The
change in the flow balance between the portholes causes the
weld line to be transferred toward the center of extrusion.

Another study [27] was focused on analysis of the inter-
action between the material flow, deformation and tempera-
ture of the tooling set. A new coupled thermo-mechanical
model has been built based on QForm-Extrusion program.
Industrial studies have proved good agreement of simula-
tion results with practical observations. Finally, the above
research proved that bearing area displacement and inclina-
tion have a great influence on the material flow in case of
complicated hollow dies.

Aiming to deeply understand of material flow during
extrusion process, the grid pattern methodology has been
successfully utilized by Khan and Valberg [28] for a porthole
die with different sizes of porthole. The simple way of rep-
resenting the metal flow by radial and longitudinal pins gave
important details about deformation characteristics around
die bridge and in the welding chamber. During the first
stages of extrusion, the remains of contrast material from
previous billet passes into the extruded section. In addition,
it was found that a wavy appearance along the length of the
extrudate could be found due to the extrusion weld line that
may occur during the extrusion through different porthole
size and for hollow profiles with different size.

Finally, the research from Solomon and Solomon [29]
has shown the influence of a flat die on the material flow
during direct extrusion process and consequently on extru-
date’s mechanical properties and microstructure. The data
collected by numerical simulation with FORGE2 software
confirmed the theoretical and experimental outcomes. The
following conclusions have been made from the above
research. Enhancement of the particle distribution has been
found with the increase of the hydrostatic pressure inside
the deformation zone in parallel with a radial flow and a
uniform material flow velocity. In addition, uniform grain
size and mechanical properties within the cross section of
the extrudate have been resulted as well with the above
modifications and the minimization of the nonuniformity
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into the extrudate’s structure could be achieved by care-
ful design of the extrusion die as well. The quality of the
extruded product can also be improved with the use of
a fillet radius in bearing surface, in order to control the
homogeneity and mechanical properties in cross section
of it. Finally, the strain inhomogeneity decreased with
increased die fillet radius, as experimental and theoretical
results proved.

3 Flow balance in extrusion of complex
aluminum profiles

During the extrusion of aluminum alloys, proper die design
plays a vital role to produce high-quality products combin-
ing high performance in mechanical properties and surface
finish. Talking about large complex aluminum profiles, this
combination has many difficulties to be achieved, as many
of these extrudates are being used in automotive industry,
where poor performance in mechanical properties may be
very harmful.

Zhang et al. [30] investigated numerically and experi-
mentally the extrusion process of a complex cross sec-
tion and thin-walled aluminum profile used for high-speed
trains. By adjusting the layout, shape and height of baffle
plates, a dimensionally acceptable extruded section has been
obtained. After many numerical simulations and experi-
mental validations, it was found that baffle plates play a
very vital role in balancing material distribution and metal
flow. Greater than the second-step welding chamber and
especially for complex profiles. The Velocity Relative Dif-
ference (VRD) is found to be 6.3% with the optimum die
design concept, being decreased by 84.5% in comparison
with the initial one. In addition, metal flow behavior, die
stress and deflection for the optimum die design have been
investigated numerically. Simulation results showed that the
maximum stress and deflection of the extrusion die were
both within the permitted ranges. Finally, an extrusion die
was manufactured to validate the die modification process
and an extruded section was produced on an 80 MN extru-
sion machine. Difference between experimental and desired
thicknesses of the ribs is 0.12 mm. Finally, no heat defects
were observed in the extruded profiles, after careful obser-
vation of them.

Numerical simulations of the extrusion process to pro-
duce large, complex hollow profiles in the non-steady state
and in the steady state were performed by Xiang et al. [31]
as well. The metal flow concerning two porthole dies was
investigated. The formation of weld seams was explicitly
revealed. Furthermore, non-uniform velocities at the die exit,
causing extrudate distortions, were also predicted. Finally,
distortion problem seemed to be resolved with the optimized
design, following finite element analysis.
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The effect of profile complexity on extrusion pressure,
metal flow and product defects has been investigated by
Qamar et al. [32]. Finite element analysis methodology has
been used for the aims of that research and the commer-
cial finite element package DEFORM-3D has been used.
Researchers concluded that more complex shapes can cause
higher extrusion pressures and more inhomogeneous mate-
rial flow. In addition to shape complexity, other important
factors are the extrusion ratio and symmetry of the extruded
sections. These two factors were also found to increase the
size of the dead metal zone (DMZ). Larger DMZ seemed to
result in higher flow resistance and higher pressures may be
caused as a result. It should be also emphasized that higher
pressures may provoke quality defects.

To solve the defects of bottom concave appearing in the
extruded sections of a complex hollow aluminum profile,
a finite element analysis with the aid of HyperXtrude soft-
ware has been selected [33]. Severe material flow velocity
and pressure differences have been identified in the center
part and the surrounding area of the extruded section. The
choice of adding baffle plates in the lower has been made.
As a result, the extrusion velocity in the center part of the
extruded section has been increased, while reduction of the
velocity has been noticed in the external part. Consequently,
the maximum displacement in Y direction at the base of the
profile has been reduced from 1.1 to 0.15 mm, and concave
defect was remarkably enhanced.

The influence of the pocket on the material flow in multi-
hole extrusion was studied by three-dimensional FEM in
another research by Peng and Sheppard [34]. The tempera-
ture difference, the exit velocity of the extrudate, the defor-
mation history of the material across the die orifice were
mainly investigated, and validation with experimental data
was successful. It was shown that if the correct pocket die
design is applied, the material flow will be more uniform.
Finally, results showed that even a small offset of the pocket
can cause an important change of the material flow during
extrusion. Specifically, inappropriate design of the pocket
die resulted in a deterioration of temperature, velocity and
hence structural uniformity around the surface. In another
research, Fang et al. [35] proposed single-bearing dies with
pockets of different sizes, shapes and volumes, in order to
investigate the effects of the pocket geometry parameters on
the metal flow by finite element analysis in combination with
experimental results.

Truong et al. [36] designed a die for extrusion of a com-
plex heatsink aluminum profile with large variable wall
thickness in another study. The die design was accomplished
by matching experimental design techniques and steady-
state extrusion simulation with the ALE algorithm. Some
of the most important outcomes of the above research are
presented below. The modifications that have been made
to obtain high-quality extruded section from a porthole

extrusion die were the resizing of the porthole and pocket
structures, the changing of the port bridge design and the
adjustment of the bearing lengths. The results from the finite
element analysis strongly suggested that after using the ame-
liorated die design the flow balance of material flow in the
die was improved noticeably. Furthermore, comparing to the
initial die, the velocity distribution measurements of the sug-
gested solution such as AV and velocity relative difference
(VRD) are reduced from 4.72 mm/s and 4.1% to 0.86 mm/s
and 0.82%, respectively. In addition, the residual stresses and
required extrusion force in the extrudate were also reduced
from 16.19 MPa and 479.55 tons to 12.83 MPa and 477.88
tons, respectively. Finally, the peak of exit temperature of the
extrudate increased slightly as compared to the initial die.
AV and velocity relative difference (VRD) are given below.

AV=V_.. -V, (10)

max

Zn |vi—val|
i=1

VRD = =5 5 100% an
where v; is the extrusion velocity for node i on the extruded
section, v, is the average velocity calculated from the total
number of nodes of the extrudate and n is the number of
nodes considered in a cross section of the extruded sec-
tion. Concerning the die parameters that seemed to influ-
ence the metal flow velocity due to the braking effect of
the dead metal zone (DMZ), formed under the port bridge
of the die, the width of the port bridge (W), the welding
chamber height (H) and the rear tip width of the port bridge
(Wt) found to be the most important (Fig. 2). However, the
effect of these parameters to the velocity distribution of the
extrudate may deviate. Particularly, by increasing Wt from
2 to 10 mm, the velocity distribution became more homog-
enous, but the maximum temperature in the exit profile rises
slightly (Fig. 3). In contrast to Wt, unequal velocity distribu-
tion in the extruded sections have been arised by increasing
W from 18 to 20 mm (Fig. 4). Finally, the negative effect

4 Chamfered bridge

Fig.2 The modified geometric parameters. The port bridge width
(W), the rear tip width (Wt) and the welding chamber height (H) [36]
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Fig.3 The effects of Wt on AV and the maximum exit profile tem-
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on the balance of material flow for extremely high (above
17 mm) or very low (below 9 mm) values of welding cham-
ber height H has been depicted in Fig. 5. In the same figure,
the decrease of the maximum exit temperature of the pro-
file with increasing H has been also presented. Some of the
main findings of that research was that the main concern in
designing this die type was to determine the position and
structure of the port bridge, to balance the material flow on
the extruded sections, especially for high thickness walls.
Finally, even though the proposed die is highly suitable for
metal flow balance, longitudinal weld seams can be also
found in the extrudates.

In another research from Sun et al. [37], the use of sec-
ond-step chamber of the extrusion dies has been investi-
gated in order to meet the extrudate quality and die strength

35
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Maximum velocity difference-AV (mm/sec)

16 18 20 22 24 26 28
Port bridge width-W (mm)

Fig.4 Influence of W on AV for die with chamfered bridges [36]
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Fig.5 The effect of H on the extrusion process parameters of AV and
the maximum exit temperature of the extrudate [36]

requirement for a condenser tube aluminum alloy profile.
Results proved that an ideal and uniform velocity distribu-
tion on the cross section of the extruded section obtained.
It seemed that the adoption of a second-step chamber for
complex multicavity dies could give important assets for
the manufacturers. Specifically, the standard deviation of the
velocity field (SDV) has been decreased from 4.37 mm/s for
the initial die design, to 0.29 mm/s of the optimal die design
(93,36% reduction). The SDV is used and defined as follows:

spv =/ WV (12)

i=1 n

where v; is the extrudate velocity of node, i in the cross
section to be researched, v is the average axial velocity for
the selected nodes and n is the number the nodes totally.
Finally, the strength of the optimal designed dies has been
also checked and the die maximum stress calculated at 430
Mpa, much less from the yield stress of H13 steel (1180
Mpa).

Another research from Truong et al. [38] investigated
three different die design types that have been studied in
order to extrude large-scale and complex solid profiles.
Steady-state and transient simulations were conducted using
HyperXtrude 2017 software based on the ALE algorithm.
More uniform temperature fluctuation in the extruded prod-
uct found during the use of the traditional flat die, com-
pared to other solid dies. The extrusion force for that die was
decreased for about 5% compared to the pocket die as well.
However, longer bearing length was required (compared to
the other solid die designs), which is not preferred in extru-
sion practice. In addition, the deformation of the flat die was
the greatest and the maximum die deflection for ram speed
of 1 mm/s has been calculated to 0.17 mm. In addition, it
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was found that the use of the pocket extrusion die has many
advantages compared to the other types of solid dies. After
the simulations, it has been found that the deformation was
decreased, the transverse welding length decreased to half
compared to the spread die and the velocity was more uni-
form. Furthermore, once the ram speed increased, the value
of VRD stayed the same more or less, the die deformation
had no change and the welding line length has not been
increased significantly (rising for 221 mm when changing
the ram speed from 1 to 9 mm/s). Another useful remark
was that decreased extrusion force by 40% has been noticed
while using the spread die extrusion force required for
pocket extruders with the same product profile). Conse-
quently, the use of spread dies may be extremely effective
when the aim is to reduce a large amount of extrusion force
or extrude products on small machines with larger extruded
section size, compared to the billet diameter. Finally, the
spread extrusion die caused the formation of doubled trans-
verse horizontal welding length compared to the pocket die,
and the charge weld length has been increased rapidly with
increasing ram speed (rising for 3243 mm when increasing
the ram speed from 1 to 9 mm/s).

A simulation-based optimization technique was pro-
posed in a research from Kloppenborg et al. [39]. That
technique proved to create a more uniform material flow
in multi-hole extrusion processes. Results showed that the
increase of the bearing lengths caused a reduction of the
material flow and the possibility of an enhanced material
flow may occur because of this. The presented technique
was tested on an extrusion die with three holes. It has been
proven that the method worked perfectly and that a more
balanced exit speed was achieved in the finite element
analysis. Another outcome from that research was that for
constant bearing lengths, the size of the length had non
important impact on the exit velocity distribution. Finally,
validation between the numerical and experimental results
has been performed.

4 Spread extrusion die design

The entrance shape of spread die plays a vital role in the pro-
duction of high quality and acceptable large-scale aluminum
extruded products. Before the use of finite element analysis,
the design of a spread die was generally based on the expe-
rience and expertize of the die designers. Moreover, many
costly plant trials were also necessary to attain a qualitative
product. Consequently, it was extremely difficult to ensure
the material flow through subsequent feeder die with the
acceptable velocity uniformity and ensure the die strength
as well. Liu et al. [40] investigated with the aid of finite
element analysis three spread dies with different entrance

shapes. HyperXtrude software based on ALE algorithm has
been used for their analysis. The entrance shapes of 2 spread
dies are shown in Fig. 6.

In another study [41], the use of finite element analysis
has been made to investigate the behavior of a spread die
for a large-size, flat-wide, and multi-ribs aluminum profile.
Standard deviation of velocity (SDV) has been chosen as
a tool, to investigate the material flow uniformity of the
extrudate. After that, the material flow optimization for the
spreading die has been implemented with three step modi-
fications. Finally, validation of the finite element analysis
model for the spreading extrusion of large-size and flat-
wide solid profiles came through high geometrical accu-
racy and relatively consistent mechanical properties of the
extruded parts. Concerning the obtained conclusions from
that research, the calculated SDV for the first die design was
up to 64.3 mm/s, which was in unacceptable limits. There
was large flow velocity at the part with multi-ribs, while the
profile velocity at the left end of profile was extremely low.
The reason of that phenomenon was a combination of many
factors such as the dead metal zones, the positions of die ori-
fices and the differences of wall thicknesses of the extrudate.
SDV of 0.92 mm/s was achieved after three modifications of
the spreading pocket die. Moreover, lower residual stresses
in the extruded section, more uniform temperature distri-
bution during the exit of the die and lower required extru-
sion force were shown. Some of the key design solutions
in order to achieve the above results included more pocket

Entrance shape of spread die

Exit shape of spread die and
entrance shape of feeder die

Entrance shape of spread die

-

-

Exit shape of sﬁ?éad die and
entrance shape of feeder die

Fig.6 Entrance shape and dimensions of two spread dies a Die 1. b
Die 2
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steps, recalculating dimensions and the shape of multistep
pockets and optimizing the die bearings.

Wang et al. [42] proved the high impact of the spread die
design as well for a large-size, hollow, and flat-wide alu-
minum alloy profile used in the high-speed train. With the
aid of finite element analysis and experimental verification,
the maximum velocity difference in the cross section of the
extrudate reduced from 8.63 to 3.07 mm/s, and the corre-
sponding SDV decreased from 1.56 to 0.69 mm/s. The influ-
ence of spread die design on the metal flow behavior during
extrusion has been studied experimentally from Imamura
et al. [43]. The results revealed that the extrusion load was
decreased by about 30% in comparison with a normal die
design. However, the high friction generated at the interface
of the spread ring and billet during the filling process wors-
ened the material flow balance in spread extrusion die. In
addition, it was assumed that when the extrudate was wide or
when spread ring height was small, the plastic deformation
zone’s shape on the die face altered from an ellipse into a
shape similar to number eight at the wide place at both ends
of the die opening. Consequently, the material flow balance
severely got worse, due to a rise in the size of the plastic
deformation zone.

5 Optimization of porthole extrusion dies

Porthole dies are mainly used in order to extrude large cross
section, multi cavity and thin wall profiles. The demand of
that type of profiles has been increased significantly and the
extrusion technology offers a key solution due to its high
productivity. The extrusion process by porthole die is com-
plicated and die design is vital for the quality of the extruded
section. The design of the porthole die should give optimum
material flow and uniform temperature distribution to attain
the desired profile geometry and eliminating die scrap. Ayer
et al. [44] investigated the extrusion simulation of a porthole
die for standard aluminum profile with the use of Hyper-
Xtrude Inspire Extrude Metal 2019 software. Specifically,
the pressure distribution was evaluated for the extrusion
process and they concluded that the pressure distribution
of the pocket section and on the profile was uniform and
stable for the entire process. In addition, the maximum tem-
perature was calculated at 582 °C. The temperature range
reached in the welding chamber was between 517-541 °C. It
is known that the main welding mechanism between stream
welds is solid-state bonding, so it can be concluded that the
temperature values that revealed after the simulations were
suitable for a desired welding conditions during the extru-
sion process.

In another study [45], a porthole die was designed and
optimized through finite element analysis. The defects
existing in the original die design was found through the
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simulation, and their derivation was investigated. Validation
of the simulation results was followed. To solve the existed
problems, modifications of the mandrel and the die bearings
length were proposed. For the initial die design, the extru-
date had a heterogeneous velocity distribution in its cross
section and bended outward when exiting the die. The maxi-
mum exit velocity difference was 12.7 mm/s. In addition,
severe stress concentration was present near the junctions
between the adjacent mandrel teeth, and the stress near the
entrance to the central guiding gutter was 911,3 MPa. All the
above advocated for an impending die failure. Furthermore,
by implementing smoothed transitions at the entrance to the
guiding gutters and a linear variation in the bearing length,
an optimized die structure was ready. With the optimized die
design, the maximum exit velocity difference in the cross
section of the extrudate was decreased to 4.6 mm/s, and
the bending of the tube was completely avoided. Finally,
simulation showed a reduction of 18, 6% in the maximum
die stress (742,1 MPa) and experimental results showed that
the extruded tube defects such as the bending deformation
and geometry unaccordance were eliminated, resulting in
good surface quality. In addition, the microstructure of the
tube exhibited a remarkable grain refinement with an aver-
age grain size of 34,2 pm observed on the cross section of
the extrudate and welding lines were not present observed
and a burst pressure of the tube at around 19.5 MPa, proved
that the tube had a superior welding quality.

In another study [46], an experimental process was
designed to investigate the role of the process parameters
affecting the process load and welding quality for a port-
hole die. After that, a finite element analysis with the aid
of DEFORM 3D was performed to research the capability
of predicting the joint quality using a welding criterion. In
order to describe the load related phenomena and the high
significance of the interaction between the bridge shape with
both the bridge width and the bearing length, an ANOVA
analysis that used a quadratic model was selected. Valida-
tion of the FEA model came through after comparing the
numerical and experimental results both quantitatively and
qualitatively. Specifically, concerning the bridge shape, the
small increase along its vertical walls results in the punch
load diminution. That was more evident increasing bridge
width. Finally, the influence of the bearing length on the
punch load is clearer passing from the rectangle to the thom-
bus shape of the bridge.

Zhang et al. [47] developed an optimization system to
enhance the porthole structure of extrusion dies. Depended
on non-orthogonal-structured Euler grids, an automatic opti-
mization software for porthole structure was built based on
finite volume method. Specifically, considering that alu-
minum alloy at high temperature can be characterized as
non-Newtonian fluid, some researchers introduced the finite
volume method (FVM) into the numerical simulation of
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aluminum extrusion process. Some of them were Xianghong
et al. [48] and Gongalves et al. [49] All of them developed
numerical algorithms of extrusion process based on FVM,
which could handle with unstructured meshes, and were
used to study extrusion dies for complex extruded sections.
Gagliardi et al. [46] chose to investigate a multi-hole tube
extrusion die. The resulting optimization software was used
to estimate the geometry of portholes to design a new design
concept. Compared to the initial porthole die, velocity distri-
bution in the cross section of the extrudate was more homog-
enous and deformation at four corners was ameliorated in
the optimal die design. After numerical analysis, the velocity
difference and standard deviation of the velocity (SDV) in
the cross section of the extruded section with the enhanced
die concept, decreased by 55% and 69%, respectively. Dur-
ing the next stage of their research, a comparison among
the numerical results obtained by the commercial software
HyperXtrude and the developed software by Zhang et al.
Results came to prove that the velocity distribution trend and
its values in the cross section of the extrudate by those two
methods were too close. Therefore, the developed optimiza-
tion software of that work was well verified.

The aim of another study [50] was to design a three-hole
porthole die for extruding an aluminum tube and to optimize
the location of die orifices based on computer-aided design
and engineering. Initially, three-hole extrusion dies with dif-
ferent locations of die orifices were designed. After that,
finite element analysis for different multi-hole porthole dies
were built with the aid of HyperXtrude software. After care-
ful consideration, the following conclusions for multi-hole
porthole die design have been made. With the increase of
eccentricity ratio (distance between die orifice and extrusion
center), the nonuniformity of material flow increased. As a
result, unbalanced extrudate may occur. On the other hand,
features such as the welding pressure increased and weld-
ing quality on the extruded section was ameliorated with
the increase of eccentricity ratio. Finite element analysis

Fig.7 The design of the multi-

has been also made in order to investigate the effect of an
increased number of holes in a port-hole die. Results from
the simulations, proved that an increase in the number of
holes from 1 to 3, caused a decrease of 18.5% in the extru-
sion force. Finally, maximum stress in upper die increased
with the increase of eccentricity ratio, while lower die faced
less stress, compared to the upper die.

Xue et al. [51] investigated the reasons of the undesir-
able deformations and the uneven material flow, the mandrel
deflection and the non-uniform relative exit speed of hollow
extruded sections. The use of finite element analysis for the
case of a typical industrial extruded aluminum alloy thin-
walled extrudate with a snap-fit channel, produced by the
proposed multi-output porthole extrusion process, was cho-
sen (Fig. 7). It was concluded that some vital novel features
such as a circular pattern of the portholes with a dart-shape
inlet bridge, a two-step welding chamber, an uneven bear-
ing length distribution and a buckle angle in the inlet side
of the upper die were chosen to get a balanced material flow
and reduce the extrusion load. In addition, the optimal bear-
ing length and the mandrel deflection compensation were
proposed in order to attain an enhanced material flow and
thin-walled extrudate. Finally, Figs. 8 and 9 illustrate that
the predicted results at the location A are a little greater
compared to the experimental ones. The maximum error
occurred at the point 7 is about 0.012 mm. This may be due
to the point 7 is the most far area to the center of the extru-
sion dies and has the largest moment of deformations. The
other relative high errors occur at the point 8 for both of the
location A and B, which are the area of middle wall or can-
tilever. This might be the serious contraction at the middle
cantilever after the cooling of the extrusion process. This
phenomenon has not been predicted by the adopted numeri-
cal model. Finally, the force difference between the results
predicted from the FEA model and the experimental one was
about 6.93%. As a result, very high precision between the
simulation results and the reality occurred.
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Fig.8 Comparison of wall thickness deviation between experimental
and simulation results for location A [51]

In another study from Xianghong et al. [52] the extrusion
process for a porthole extrusion die was simulated using
the finite volume method based on the numerical analysis
software Msc/SuperForge. The simulation results proved a
uniformity in the material flow velocities during the exit of
the extrudate from the die. A uniform material exit veloc-
ity achieved through modifying the material flow from the
portholes to the bearing entrance, in order to ensure the
same resistance at both sides of the path. Therefore, the
path shape from the portholes to the bearings’ initial part is
a vital parameter die design of porthole profiles. The stress
distribution uniformity has been also ameliorated due to the
more uniform flow velocity in the cross section of the bear-
ings’ exit. Die load has been also decrease and the die life
increased as a result.
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Fig.9 Comparison of wall thickness deviation between experimental
and simulation results for location B [51]
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6 Front end and back end defects

The reduction of scraps related to front-end defects (charge
welds) and back-end defects (billet skin contamination) is
gaining nowadays an increasing industrial interest in order
to obtain higher quality products and attain greater process
efficiency. Charge welding occurs during the beginning of
each extrusion cycle because of the existence of impuri-
ties as dust and lubricants in the welding area between the
billets. Figure 10 presents charge weld formation and the
transverse weld extension [53]. The dark surface represents
the new billet. Due to the presence of the two billets in the
same cross section, an important loss of the mechanical
properties may occur. Figure 11 depicts a case of charge
weld formation and the transverse weld is also indicating in
an extrusion of 6082 aluminum alloy. Apart from the charge
weld formation, billet skin contamination is an important
problem that has its origins from the outer surface of the
billets. Due to the DC-casting process, the outer surface of
the billets has different microstructure from the inner billet
material [54]. During the extrusion process, the billet skin
is possible to flow inside the die and reaches the extrudate.
As aresult, surface problems generation and lower mechani-
cal properties can be observed. The negative effects of skin
contamination can be minored by careful choice of the butt
end. However, high accuracy of the butt end is vital in order
to eliminate the skin contamination effect and the material
that discarded as scrap.

Concerning the theory of charge welds extent estimation,
two theoretical estimations have been proposed [55, 56] and
are given below:

V1+V2)
d= Aexn 3)
Vi+V2

where the charge weld extent (d) has been connected to the
volume of material in the die ports (V1), to the volume of
material in the welding chambers (V2), to the exit profile
section area (Ae) and to the number of the profile holes in
the die (n). The corrective factor 1.5 has been used to better
approach experimental results, as reported by Jowett et al.
[56].

They proposed an equation for skin contamination as
well.

<= (14%xVb — 15x(V1 + V2) — Vbutt)

Aexn as)

where Vbutt and Vb are the butt end and billet volume,
respectively, and the other terms follow the definitions used
in previous equations.
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Fig. 10 Charge weld formation for a round solid bar

Concerning the research from Kim and Ikeda [54] exper-
imental and numerical investigation was carried out for
evaluating the accuracy of Altair HyperXtrude software and
other proposed methodologies in the prediction of charge
welds and skin contamination evolution. The main results
of that work can be summarized in the following step. Ini-
tially, two profiles have been chosen in order to investigate
the extent and percentage on charge welds prediction. The
validation process showed high correlation between experi-
mental and numerical data. An error of 16% has been found,
concerning the skin contamination existence. Experimen-
tal results found it 3750 mm from the stop mark numerical
ones showed the beginning at 4538 mm from the stop mark.
Consequently, empirical and theoretical methodologies
deeply underestimate the evolution of both front and back-
end defects (-42% and -60% respectively). In general, from
an industrial point of view, it has been emphasized that the
overestimation of percentage of skin contamination is not
a concern since the profile has to be rejected anyway, but
the overestimation of the onset point of the contamination
is very vital from a production point of view. To sum up,
despite the inaccuracy, the FEA could give a good estima-
tion of the billet skin evolution for a selected die design.

In another research, Hatzenbichler and Buchmayr [57]
used finite element analysis in order to quantify the main
causes of the transverse weld formation and the back-end
defect. Deform software has been used for the simulations’
stage. The simulations showed that the most significant

Fig. 11 Charge weld formation and transverse weld extension during
the extrusion of 6082 aluminum alloy

—_—l

d-change weld extension

influence on internal defect length was the friction between
dummy block and billet. Furthermore, the prechamber
geometry played a vital role on defect length. To sum up, the
results of that study proved that extrusion scrap due to inter-
nal defects can be prevented by paying attention to the lubri-
cation and coating of the dummy block and to the precham-
ber geometry. In addition to the previous study, the influence
of the bridge shape on the pressure inside the welding cham-
ber during the porthole die extrusion has been investigated
by Gagliardi et al. [58] and proved that the bridge designs
causing a sound material flow in the welding chamber could
improve the pressure level and the welding condition.
Mahmoodkhani et al. [59] investigated the effect of
feeder geometry (the regular round pocket vs tapered one)
on the transverse weld formation. Finite Element Analy-
sis with Deform™ software, being validated with experi-
mental data have been used during that research. Results
showed that a large impact of it on the size of dead metal
zone and thickness and length of the transverse weld in the
extruded section. The tapered feeder geometry made easier
the depletion of the previous billet material from the feeder.
Consequently, the size of dead zones and the transverse weld
formation significantly reduced in comparison to the regular
round pocket feeder. Furthermore, the predicted extrusion
load and the exit temperature during extrusion seemed not
to be affected seriously from the tapered feeder geometry.
In another research from Li et al. [60], extrusion experi-
ments and numerical simulations were performed with the
aid of a flat die without feeder, one with symmetry and one
with asymmetry feeder. The results showed that the use of
feeder chamber caused an increase to the overall strain and
a minor decrease to the strain rate. Moreover, it was found
that the extrudates consisted of elongated coarse grains and
a small number of fine grains, which proved the occurrence
of dynamic recovery and partial dynamic recrystallization.
The dynamic recovery degree was higher in the extrudate
with asymmetry feeder, while the dynamic recrystallization
degree was higher in the extrudate without feeder. Figures 12
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Fig. 12 Regular feeder geometry

and 13 represent the two feeder geometries with try-square
tools in real dies and schematic presentations of the same
cases as well.

Finally, simulation results proposed that the extrusion
ratio can significantly affect the transverse weld length.
Specifically, as the extrusion ratio increased the length
of the transverse weld increased as well. Zhang et al.
[61] reached the same conclusions after numerical and
experimental results. One other important conclusion from

Fig. 13 Tapered feeder geometry
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their study was the fact that the transverse weld length
decreased with the increase of ram speed, as smaller ram
speed caused lower extrusion force and a decreased extru-
sion force could not be able to deplete the old billet from
the die cavity out of die orifice.

In another research from Donati and Tomesani [62],
the extrusion of special H-shapes has been modeled with
FEM in different extrusion conditions and for different die
designs, in order to study the resulting welding quality for
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6082 aluminum alloy. Many parameters for evaluating weld-
ing quality were studied, by considering the distribution of
velocity, pressure and flow stress in the welding surface.
Two of the most important criteria were:

— Maximum Pressure Criterion: It was suggested by
Akeret [63], as a vital parameter in order to character-
ize the welding quality of the extrudate. As soon as the
elements i of the welding chamber are known, then that
criterion is described from the equation P,, =max(p;). If
that value exceeds a certain limit, that depends on the
material properties, the welding can be characterized as
qualitatively acceptable.

— Pressure—time—flow criterion: The speed was introduced
as a correction factor, meaning that the flow of material
through a certain point should also be taken into account.
That new parameter was expressed as the next equation
describes:

R

m Py
Kad = ;Z,:l

g (15)

where o is the actual effective stress. 1, m elements define
the welding surface.

A careful sorting of criteria, able to predict the correct
variation of welding quality, was performed subsequently, by
analyzing the behavior of each parameter with different leg
shapes and extrusion speeds. The Pm criterion showed good
agreement, until certain limits, with the experimental results,
while the Kad parameter was in total accordance with them.
Finally, it was emphasized that the welding criterion Kad is
composed of two different parts: the welding chamber length
and the pressure on effective stress ratio. Consequently, high
values of Kad can be achieved with decreased pressures and
chamber with increased lengths or with decreased chambers
if increased pressures are given [63].

Reggiani et al. [64] tried to bridge the existent gap in
the forecasting of the position of the charge weld and the
inaccuracy during the rejection of extruded parts. During
that research, investigation of the evolution of the charge
welds inside a multi-holes profile and determination of their
exact extension and position by experimental microstruc-
tural analyses combined with finite element simulations per-
formed with the Arbitrary Lagrangian—Eulerian methodol-
ogy and the HyperXtrude software. Skin and other defects
were also experimentally studied and a numerical sensitivity
research on the impact of the friction model selection was
made. Comparison between experimental and numerical
results presented a good agreement concerning the fore-
casting of the formation and position of the charge welds.
The results proved that the FE code was a reliable tool in
the die design stages, not only for process optimization but
also for the scrap length determination. Furthermore, a pro-
cess efficiency index was defined and it was found that the

accuracy of the optimization process for charge weld forma-
tion increased from 82.6%, as resulting from the existent
industrial methodology, to 88.3% with the combination of
experimental and numerical practices.

Reggiani and Donati [65] in another research tried to
compare the experimental and numerical (finite element
analysis) studies performed over years and concerning the
prediction of the charge weld formation. The main findings
or the presented research were that empirical rule that based
on the extrusion ratio was frequently used in the indus-
trial environments to estimate the charge weld length, but
a minimum error of 42.9% for the four investigated case
studies has been found. Consequently, its use was not rec-
ommended by the authors. For the selected case studies, an
average error of 4% was determined for the experimental-
analytical predictions by using the corrected formula, against
31.6% for the uncorrected one (Eq. (13), (14) present the
theoretical estimations for charge welds extent estima-
tion). The average numerical-analytical percentage errors
were 59.4% and 39.1% for the uncorrected and corrected
formulas, respectively. Comparison between the analytical
formula (corrected with a 1.5 factor) and numerical predic-
tions concluded to an average lower percentage error (4%)
but a higher standard deviation (16.8%) for the analytical
model. Apart from the above remarks, simulations proved an
important tool to predict details concerning the charge welds
formations, by means of transient simulations. However, the
computational time was depending on the die and profile
complexity. For the four investigated cases of that research,
the computational time varied from 10.1 h to 132 h. Finally,
researchers proposed that innovative analytical formulations
should be built, including more die design factors and extru-
sion parameters in order to attain a more accurate prediction
of the charge weld length.

In an experimental study [66], the influence of some
extrusion parameters on the flow behavior of the billet
surface layer in porthole die was investigated. To detect
the flow pattern of the surface layer, two types of billets
were used. The flow of the surface layer could be split
into a forward flow along the boundary of the dead metal
zone and an inward flow along the back place of the billet.
It was proved that the extrusion temperature had a little
effect on the flow pattern, while the friction in the con-
tainer strongly influenced it. In addition, the material flow
of the billet surface layer inserted in the welding chamber
through the porthole was shown clearly. Specifically, once
the surface layer flowed into the porthole, it appeared on
the outer face of the extrudate or just below it. Bakker
et al. [67] studied the quality of the weld seam according
to different geometries of the welding chamber. It was con-
cluded that a very shallow welding chamber could cause
the creation of macro-hole defects on the cross section of
the extrudate.
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Finally, another experimental research [68] has measured
the effect of the existence of a charge weld transition zone on
the failure chance and local effective mechanical properties
of the extrudate. During this study, a special designed die
in terms of flow pattern was selected in order to make pos-
sible the isolation the effect of charge weld. The influence
of the charge weld zone on the failure and damage evolution
during tensile testing has been estimated. It was found that
the mechanical performance was severely affected by the
density of the oxide particle distribution at the charge weld
boundary. Crack initiation was influenced mainly by the cen-
tral weld seam interface place, containing some fractured
layer of oxides. The main conclusion of the presented study
was that the flow pattern in the die affected the shape and
length of the charge weld interface, as well as the reduction
in mechanical behavior due to breaking of the oxide layer.

7 Die bearing geometry and surface defects

In order to reach high productivity rates with acceptable
quality, many extrusion parameters should be taken into
consideration in order to obtain advanced material prop-
erties and extrudates whose geometry will be within the
tolerances. Particularly, the extruded section should have
uniform exit speed during the process to prevent deflection
of the final product. Therefore, bearing lengths should be
carefully chosen during the die design process, in order to
maintain uniform velocity of the extrudate. Consequently,
many experimental and numerical studies have been made
for the enhancement of die design techniques concerning
material flow on bearings. Akeret and Strehmel [69] investi-
gated the effect of bearing geometry with extrusion trials and
Miles et al. [70, 71] studied the influence of bearing length
using the medial axis transform method.

Mahmoodkhani et al. [72] studied the effect of bearing
die geometry on the microstructure development at the sur-
face of an Al-Mg-Si-Mn extrusion alloy for two limiting
die exit geometries (choke and zero bearing). It was proved
that the die bearing geometry had a strong influence on the
resulting surface microstructure of the material close to the
surface of the extruded section due to the thermomechanical
history of the alloy there. It was shown that a layer of large
surface grains/peripheral coarse grains (PCG) were formed
with the zero-bearing die. On the other hand, the choke die
prevented PCG layer appearance. To sum up, that research
showed that changes in the design of the die bearing or in the
extrusion velocity may affect large surface grains formation.
A combination of finite element analysis and an estimation
of the local stored energy can be very helpful in order to
predict the formation of the PCG layer.

Parson and Jowett [73] investigated the influence of
die bearing geometry on surface recrystallization of 6xxx
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extrusions experimentally. Alloy Chemical composition
and ingot microstructure are known to have an influence on
the formation of a surface recrystallization area. Extrusion
parameters can also affect its existence. The use of conic dies
has been previously shown to have a positive effect on this
problem. Using data generated on the Rio Tinto Alcan extru-
sion press, the presented study described how modifications
in die bearing geometry and angle of choke on normal die
bearings could enhance the appearance of grain structure.
Some of the most important outcomes highlighted that by
increasing simultaneously choke angle and bearing length,
the extrusion pressure increased as well. The exit tempera-
ture (and die bearing temperature) was similarly increased as
well. In addition, the length and choke angle of the bearing
significantly affected the thickness of the peripheral coarse
grain (PCQG) layer in the as-quenched profiles. In particular,
with the 3 mm thick flat strip and with long choked bearings,
several times higher speeds could be achieved. Furthermore,
a careful selection of choke angle and bearing length seemed
to cause reduced thickness of the PCG layer. However, it was
found that temperature alone does not control speed crack-
ing, but the compression or tension at the extrudate’s surface
would be a contributory factor. Particularly, the maximum
speed without speed cracking was significantly increased
by increasing the length of the bearing and chocking them
as well.

Lee and Im [74] investigated bearing lengths for the con-
trol of material flow in the flat die hot extrusion. Bearing
lengths for U-shape die geometries were designed by using
the exit velocity distribution, resulted from Finite element
simulation results in accordance to the thickness and dis-
tance from the die center of the extrudate. The designed
bearing lengths resulted in enhancement of the uniformity
of exit velocity distributions. Furthermore, it was found that
the proposed design equation had the same good results for
a L-section die exit geometry.

8 Automatic die design optimization

Apart from the experimental and practical methods of opti-
mization the die design that are basically dependent on the
experience of the die correctors, many other numerical based
methodologies are presented in the current review paper.
Even though FEA has played a vital role during the numeri-
cally die design optimization, many researchers have pro-
posed some methods that are based on design of experiments
(DOE) method to enhance some key geometric variables of
extrusion dies. The DOE requires implementing several tri-
als which involve at least two levels of each parameter (the
high and the low) when linearity of the dependent variables
could be presumed with little risk. This is generally appro-
priate to a narrow range within the working scope of any
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process parameter [75]. Concerning the extrusion process,
sample points should be initially obtained with DOE, and
the relationship function between response and the design
variables will be then constructed. Furthermore, the opti-
mization algorithm is usually used to solve the function and
optimum design parameters will be then found within the
scope of sample points [76]. Considering the exit tempera-
ture and the extrusion load as optimization objectives, Zhou
et al. [77] used an artificial neural net- work to optimize the
extrusion velocity, shape complexity, stroke of the extru-
sion stem and extrusion ratio during an aluminum magne-
sium alloy extrusion. Li and Bridgwater [78] investigated
the possibility to forecast the extrusion load with the use
of ANN as well. Combining the response surface method
and the center-utilized design approach, Gagliardi et al. [79]
achieved the minimum extrusion force and very good weld-
ing quality by optimizing the geometry (shape and width)
of porthole bridges and the bearings’ lengths. The use of
an artificial neural network methodology has been also
proposed to study the effect of extrusion speed, extrusion
ratio, billet temperature, number of die holes and profile
thickness on the extrusion force by Jawwad and Barghash
[80]. Finally, the effect of temperature on extrusion of an
aluminum magnesium alloy has been investigated by Hsiang
et al. [81] with the aid of an ANN and it was found that
the ANN can calculate with extreme accuracy the tensile
strength distribution for rectangular profile geometries under
different extrusion parameters.

Zhang et al. [76] used the response surface method
(RSM) and mesh deformation technique (MDT) to auto-
matically optimize the feeder chamber of an extrusion die.
After the optimization process, the velocity distribution in
the extruded section seemed to be enhanced and the standard
deviation of the exit velocity decreased from 7.83 mm/s to
2.47 mm/s (-68,45%). In another research by Zhang at et al.
[82], Taguchi’s design of experiments has been used and 32
combinations of extrusion parameters have been selected to
simulate the whole process for a hollow aluminum profile
with HyperXtrude. Signal-to-noise ratio (S/N) analysis and
ANOVA were used to study the effect of extrusion param-
eters (ram speed, billet diameter, die temperature, billet pre-
heated temperature, and container temperature) on velocity
relative difference (VRD) and extrusion force. The following
assumptions were made. Based on ANOVA, the influence
of extrusion parameters on VRD has been found and the
results of the research proved that billet diameter (or extru-
sion ratio) had the greatest impact, followed by die tempera-
ture, ram speed. Container temperature and billet preheated
temperature had a minor effect. By means of S/N analysis,
the optimum combination of extrusion parameters for mini-
mum VRD was reached and the values were the following:
billet diameter of 170 mm, die temperature of 465 °C, billet
preheated temperature of 480 °C, ram speed of 2.2 mm/s and

container temperature of 425 °C. VRD was decreased by
50% after the optimization process. The extent of the impact
of process parameters on extrusion force has been studied as
well. The minimum required extrusion force was obtained
with billet diameter of 165 mm, die temperature of 475 °C,
ram speed of 0.4 mm/s, container temperature of 445 °C and
billet preheated temperature of 495 °C. The extrusion force
was decreased by 24.7% after the optimization process.

A new ANN-based partial modeling technique has been
developed by Jawwad and Barghash [83] in another research,
during their try to predict maximum extrusion pressure in
terms of process parameters. The proposed methodology
applied to the case of industrial extrusion of aluminum
alloys. Combination of statistical analysis of variance into
ANN has been selected in order to complete that study. Very
close agreement between predicted and real behavior has
been found for the present ANN model with a prediction
error value of 2.5%. According to the presented model, ini-
tial billet temperature and its relationship with other extru-
sion parameters such as ram speed, has been found to affect
maximum extrusion pressure. Better prediction capabilities,
in terms of both response to the different extrusion param-
eters and determination of highly important parameters and
interaction influence, have been proved for the new ANN-
base model, comparing to normal linear regression model.

In another study [84], the extrusion process for a AZ31B
magnesium alloy was simulated using DEFORM-3D soft-
ware to create data in order to provide input for artificial
neural networks (ANN). The ANN model was trained by
taking ram speed, shape complexity, extrusion ratio and ram
displacement as the input variables and the profile exit tem-
perature and extrusion load as the output values. The ANN
predicted results were found to be in agreement with the
numerical results and experimental measured ones.

Bingol et al. [85] investigated the nonlinear effect of
different die parameters on extrusion load, with the aid
of an integrated ANN and FEA methodology along with
experimental validation. Gear-like extrudates have been
produced and simulated successfully using the DEFORM-
3D software. A database has been created in order to
provide the data for an ANN. Extrusion ratio, gear tooth
number, ram displacement and die land length were taken
as the input variables for the ANN, while the extrusion
load was selected as the output data. Comparisons showed
that a very good connection between the FEA and the pre-
dicted extrusion loads from the chosen ANN model has
been attained. In the statistical model, R2 value between
the FEA results and ANN was found to be 0.9981, which
is considered significant to predict the extrusion load for
different die parameters for gear-like profiles. It was also
concluded that extrusion ratio (ER) affects the extrusion
load in a greater grade comparing to the teeth number and
die land length.
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Mayavaram et al. [86] presented a numerical algorithm
to optimize the bearing lengths that produce uniform
velocity at the die exit during their research. That was
built on a finite element model to solve material flow
during extrusion process. The proposed solution included
iteratively computing strain fields, velocity and tem-
perature during extrusion and recalculating the bearing
lengths until uniform material flow has been attained. In
another research from Lucignano et al. [87] two neural
networks were used to optimize the aluminum extrusion
process, by predicting the temperature profile of an 6060
aluminum alloy at the exit of induction heater (ANN1)
and at the exit of the die (ANN2). Experimental data
from the real extrusion process has been used to train the
three-layer neural networks with Levemberg Marquardt
algorithm. The exit temperatures from the extrudates, that
predicted by the neural network, seemed to exactly agree
with experimental values.

Butdee [88] investigated the redesign process using
an adaptive methodology. In that case, Case-Based Rea-
soning (CBR) and ANN methods were combined. How-
ever, the CBR methodology has an excellent prediction
ability only at an exact or similar extrudate design. On
the presented paper, The CBR has been chosen for die
feature adaptation and the ANN utilized for prediction
and parameter adaptation for a new extrudate and die
design. The actual production yield was given and the
ANN calculated the best billet size in order to achieve
the maximum yield.

9 Liquid nitrogen die cooling
The temperature monitoring during extrusion of aluminum

alloys is a vital factor in order to increase the die life, to
avoid quality defects and to enhance the productivity of

Fig. 14 Nitrogen channels
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the process. There are many ways to control the extrusion
temperature and one of them that has been used in many
cases during the last decade is the die cooling through liquid
nitrogen. Among the methods that can be adopted to control
the exit temperature of the extrudates, many manufacturers
act by making use of tapered billets or by decreasing the
billet pre-heating temperature. However, the above meth-
odologies offer a minor advantage in terms of productiv-
ity enhancement against increased risks of die failure [89,
90]. One other possible choice is the isothermal extrusion in
which the extrudate’s exit temperature is kept at a standard
value by a closed-loop control of the ram speed [91]. In
the last few years, as the quantity demands for aluminum
extruded products has been increased and the high quality’s
requirements in parallel with antagonistic prices have been
appeared more and more often, the use of nitrogen cool-
ing systems, especially with the use of liquid nitrogen was
raised as a promising solution [92-94]. However, apart from
the advantages that the liquid nitrogen system may offer in
removing heat from the extrusion die, it is very crucial to
pay huge attention on parameters such as die design and
optimization, especially for the shape and the depth of the
liquid nitrogen channels and the exact number and positions
of the inputs and outputs of liquid nitrogen. Figure 14 illus-
trates a picture that represents the liquid nitrogen channels
that have been designed during the die design study of a cer-
tain aluminum extrusion die for the liquid nitrogen system
that is installed in the factory and a CAD caption of another
die, where the liquid nitrogen channels are clearly shown.
Furthermore, Fig. 15 shows the progress of the ram speed
and the exit temperature of the extrudates for the initial and
optimized die design. Hyperxtrude software form Alumat
SRL has been used during the die design process. The extru-
sion process has been mad at Alumil SA in a 3750t extru-
sion press. The billet at which the use of liquid nitrogen has
been selected, is indicated with the red number. Finally, the
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Fig. 15 Progress of the ram speed and the exit temperature of the extrudates for the initial and optimized die design with and without the use of

liquid nitrogen as cooling agent

important increase of the ram speed, seemed that it does not
affect the exit temperature of the extrudates, due to the use
of liquid nitrogen as cooling agent.

The finite element analysis methodology can also play
a vital role in order to accurately predict the main output
parameters such as die and extrudate’s exit temperatures,
extrusion load data history, charge welds and seam welds
formation [63, 95-97]. Taking the above into consideration,
numerical approach can now be utilized for more advanced
applications. For instance, the FE methodology of cooling
channels has been reported in literature, however mainly
for die casting applications and plastic injection molding
[98, 99].

In order to provide extruders and die manufacturers with
a numerical tool specialized on die thermal field, a finite ele-
ment model of the extrusion process with the use of liquid
nitrogen cooling system has been developed by Reggiani
and Donati [100]. A simplified 1D modeling of the cool-
ing channels was used and validated experimentally with
a process trial previously specifically carried out to test the
cooling efficiency in a multi-hollow extrusion die. COMSOL
Multiphysics software has been used. The main outcomes of
the above research were that a reduction of more than 100 °C

of die temperatures was measured near the cooling chan-
nels in the multi-hollow profile, with a maximum extrudate
temperature decrease up to 20 °C. However, no important
effect has been measured in the mandrel, due to its distance
from the liquid nitrogen channels. Concerning die design
parameters, the position of the inlet had a great effect on the
temperature distribution and the total temperature reduction.
A peak error of 7.7% in the temperature prediction for the
maximum liquid nitrogen flow rate has been achieved. As a
result, the presented numerical predictions of cooling chan-
nel in COMSOL Multiphysics showed an important agree-
ment with experimental results.

In another study [101], a multi-die design has been
designed and it was consisted of a SLM printed insert with
a conformal cooling channel and a conventionally machined
external steel housing. The insert has been experimentally
tested in a laboratory for the extrusion of both ZM21 magne-
sium alloys and AA6063 aluminum. Numerical simulations
with COMSOL Multiphysics software have been followed
for cooled and uncooled conditions. It was concluded that
the press load did not increase excessively in cooled condi-
tion, during the experimental process, as a maximum of 20%
has been found for ZM21 alloy. An increase of more than
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50% in the ram speed has been achieved for 6063 aluminum
alloy with the use of liquid nitrogen, as a reduction of more
than 90 °C from the uncooled condition has been measured.
In addition, 3d printed insert seemed to work perfectly dur-
ing the whole extrusion process, as no defects raised. Finally,
the finite element analysis results validated through the
experimental process both in cooled and uncooled stages,
with maximum deviation of 14% and 7.5% in terms of load
and temperature, respectively.

In an experimental study from Donati et al. [102] the
effect of liquid nitrogen cooling on extrusion conditions
has been investigated through the monitoring of the process
parameters of a die. It was concluded that, without the use of
liquid nitrogen, steady state condition was generally reached
after only 4 billets. Once the use of liquid nitrogen was
started, a big reduction of die temperature in the regions near
the die channels was measured. Particularly, a decrease of
profile temperature up to 20 °C was achieved in the selected
profile location, while the die’s temperature was decreased
in a certain place up to 60 °C. Furthermore, the following
parameters seemed to play a vital role during the use of lig-
uid nitrogen system. First of all, the position and shape of the
channel. Specifically, the distance from bearings to cooling
channel, the channel’s geometry related to the extrudate’s
shape, the dimension of the insert holes and channel, as well
as their exact place, found that strongly affected the cooling
effect on the extrudate’s surface and consequently the total
process efficiency. Concerning the positioning on inlet, in
most circumstances a single inlet may be used for cooling
with liquid nitrogen. However, this choice has been caused
non-uniform cooling rates among the channels, as it was
possible for the liquid nitrogen to change its phase during
the path and a different cooling effect could be resulted at
locations far from inlet. Finally, the liquid nitrogen flow rate
found to be a high importance’s factor during the use of this
technology. By changing the flow rates, the die cooling effect
has been strongly affected and consequently very different
extrudate’s temperature measured.

10 Summary

The current review paper presents some of the most important
studies that have been made during the last years and concern
the use of finite element analysis in the manufacturing process
of aluminum extrusion dies. More than 500 published studies
have been studied and the 20% of them have been presented in
the current research. The main covered areas from the current
review were: Material Flow Optimization, Flow Balance in
Extrusion of Complex Aluminum Profiles, Spread Extrusion
Die Design, Optimization of Porthole Extrusion Dies, Front
End and Back End Defects, Die Bearing geometry and sur-
face defects, Automatic Die Design Optimization and Liquid
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Nitrogen Die Cooling. Taking all the above into consideration,
it is very important for die suppliers and extruders to find ways
to drop manufacturing and process costs. It has been proven
that the use of finite element analysis could be a strong asset,
in case that it can be used in the right way.

Furthermore, the use of artificial neural networks (ANN),
combined with FEA software can make the whole process,
even more efficient as many manual iterations could be
avoided. Some of the most common problems, seemed to be
very easily predicted and the use or development of special
finite element analysis methodologies should be a standard
not only for die manufacturers, but for extruders as well. The
proper use of FEA tools can increasingly drop trial costs and
die modifications for the final users. The last developments in
the field of Artificial Intelligence may open new challenges in
the die design optimization processes with the use of ANN,
so further studies and investigations should be performed con-
cerning this sector.

Apart from the ANN, the 3d printing technology combined
with the use of liquid nitrogen seemed to have great potential,
so much more research should be made on this field. There are
not many studies concerning the use of 3d printing technology
for aluminum extrusion dies that can be cooled with liquid
nitrogen technology, so there is a gap that should be covered
with future work.

To sum up, it seems that the use of FEA has taken an
important role in the die design optimization process during
the last decade and some of the latest technologies such Artifi-
cial Intelligence and 3d printing, proved to open new horizons
for the future researchers.
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