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Abstract: To solve the defects of bottom concave appearing in the extrusion experiments of complex hollow aluminium profiles, a
3D finite element model for simulating steady-state porthole die extrusion process was established based on HyperXtrude software
using Arbitrary Lagrangian—Eulerian (ALE) algorithm. The velocity distribution on the cross-section of the extrudate at the die exit
and pressure distribution at different heights in the welding chamber were quantitatively analyzed. To obtain an uniformity of metal
flow velocity at the die exit, the porthole die structure was optimized by adding baffle plates. After optimization, maximum
displacement in the Y direction at the bottom of profile decreases from 1.1 to 0.15 mm, and the concave defects are remarkably
improved. The research method provides an effective guidance for improving extrusion defects and optimizing the metal flow of

complex hollow aluminium profiles during porthole die extrusion.
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1 Introduction

Aluminium alloys have lots of advantages and
economic predominance in engineering because of their
low density, high specific strength and specific stiffness,
good collision energy absorption and recyclability [1,2],
which are widely used in automobiles, rail transits,
aerospace and construction. Extrusion is a highly
efficient and low-energy-consumption process and is the
main manufacturing procedure for hollow aluminium
profiles. Thin-wall hollow aluminium profiles are usually
extruded by the porthole dies [3]. Firstly, a billet is
forced to flow through a splitter bridge and then split into
multiple metal streams. Subsequently, the billet is
allowed to flow into the welding chamber and welded
each other under high temperature and pressure
conditions. Finally, the billet is allowed to flow out of
the die orifice between the die mandrel and the lower die
to form hollow profiles of desired shape and size. The

higher the design complexity of the profile section is, the
more inhomogenous the extrusion deformation is, and
the more difficult to control the metal velocity at the die
exit is.

The porthole die plays a key role in aluminum
hollow profile production, which directly affects the
product quality and service life of porthole die [4,5]. If
the metal flow velocity on the cross-section of extrudate
at the die exit is nonuniform, the performance and
quality of extruded profiles will be seriously affected. In
the traditional trial-and-error design, extrusion die design
is mainly based on the practice experience and expertise
of die designers [6]. Usually, after a porthole die is
manufactured, it will undergo several modifications and
tests until an acceptable profile is obtained, which causes
additional cost and waste of time. With the rapid
development of numerical technology, many researchers
have performed some simulation work on aluminum
alloy extrusion to provide accurate and theoretical
guidance for die design [7]. CHEN et al [8] revealed the
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material flow during multi-hole extrusion process for
producing a hollow and thin-walled profile by means of
numerical simulation based on the Arbitrary Lagrangian—
Eulerian (ALE) algorithm. SUN et al [9] carried out the
numerical simulation of extrusion process for a complex
hollow magnesium doorframe using HyperXtrude
software. BASTANI et al [10] performed a transient
simulation of the aluminum extrusion process based on
ALE algorithm in order to study how process parameters
that influence flow balance and exit temperature. CHEN
et al [11] carried out FE analysis on the extrusion process
of a large hollow profile and modified the porthole die
by reducing the area of porthole, adding baffle plate, and
adjusting the length of bearing to obtain uniform velocity
and temperature distributions of the extrudate.
MAHMOODKHANI et al [12] investigated the influence
of die feeder geometry on the formation of transverse
weld using FE simulation.

In the present study, in order to solve the bottom
concave defect of a complex hollow aluminum profile in
the extrusion experiments, a 3D FE model for simulating
the steady-state porthole die extrusion process was
established based on HyperXtrude software using ALE
algorithm. The velocity distribution on the cross-section
of extrudate at die exit and pressure distribution in the
welding chamber were quantitatively analyzed. The
porthole die structure was optimized by adding baffle
plates to obtain uniform metal flow velocity at the die
exit. The research method and results are helpful to
improve the extrusion defects of complex hollow
aluminum profiles and optimize the porthole die
structure.
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2 Defects in initial extrusion experiment

The research object of this study is a complex
hollow profile of 6063 aluminium alloy produced by an
extrusion factory. Figure 1 shows the geometrical
dimensions of the profile. The wall thickness of profile
was 1-3 mm, the length and width dimensions were
107.46 and 62.62 mm, respectively. In actual extrusion
experiments of the profiles, the bottom edge B of profile
presents an inward depression that generates a small gap
with the ruler, which is circled in red in Fig. 2. This
defect is undetected with eye observation, but a
noticeable depression can be observed when touching
bottom edge B. As the reference, palpable depression is
unnoticeable at position C.

3 Establishment of 3D FE model for porthole
die extrusion

3.1 Geometry and FE modelling

Unigraphics NX software was used to establish the
geometric model of the initial die design, extract the
region boundary of metal flow through the container,
portholes and welding chamber. Then, the model with
Step format was imported into the HyperXtrude software
for preprocessing. The geometrical model was divided
into five parts: billet, porthole, welding chamber, die
bearing and free surface. The basic principle of mesh
generation was from small to large to ensure continuity
of different parts of the extruded workpiece. The division
order was as follows: die bearing, free surface, welding
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Fig. 1 Geometric dimensions of hollow profile (unit: mm)
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Fig. 2 Extrusion defects for initial porthole die

chamber, porthole and billet. To improve the accuracy
and efficiency of FE simulations, the free surface length
of extruded profile was set to be three times the length of
die bearing, whereas the billet length is two times of the
inner diameter of container. The pentahedron mesh was
used in the components of profile and die bearing, while
tetrahedron mesh was adopted in the billet, portholes and
welding chamber. Die bearing was required to secure at
least four free nodes in the thin area of the section. The
mesh size was not larger than 1/5 of the size in the
thinnest position, and mesh width should not be greater
than 3 mm. Other parts were based on the mesh size of
the die bearing. The mesh size of the welding chamber
was 2.5 times of the die bearing, the mesh size of the
portholes was three times of the welding chamber, and
the mesh size of the billet was three times of the
portholes. After mesh division, continuity between
different mesh parts and their quality was checked. The
ideal mesh quality must satisfy the following basic
conditions: (1) minimum unit size >0.1 mm; (2) minimum
unit angle >15°, maximum angle <165°; (3) length/width
ratio of the unit: tetrahedron <8, triangular prism <12;
(4) Jacobian >0.7. Figure 3 shows the FE model for
steady die extrusion process of the hollow profiles.
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0

Fig. 3 FE model for steady die extrusion process of profiles
3.2 Material constitutive model

In the FE simulation of aluminium profile
extrusion, the material was usually assumed to be an

incompressible viscous plastic non-Newtonian fluid.
Figure 4 shows the flow stress curves of 6063 aluminium
alloy at different temperatures and strain rates. In hot
compression, the aluminium alloy possesses the same
characteristics as that in high-temperature creep process,
that is, thermal activation constantly occurs. The
Sellars—Tegart model [13] was adopted in the simulation
numerically to describe the behaviour of aluminium alloy.
The material constitutive equations can be expressed as
follows:

1

1. (ZWn
e} :Esmh(ZJ (1)

Z = éexp[O/(RT)] (2

where o refers to material flow stress; Z corresponds to
the Zener—Hollomon parameter; & indicates the strain
rate; A, f and n are constants independent of
temperature; R is the mole gas constant, 8.314 J/(mol-K);
T is the thermodynamic temperature; Q denotes the
deformation activation energy. The equations describe
the balance between the work hardening and softening of
temperature rise.
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Fig. 4 Variation curves of flow stress of 6063 aluminium alloy
with temperature and strain rate

In practical applications, the rheological stresses of
the material can be determined under any deformation
conditions when the values of 4, O, a and n are given. In
this study, the parameters of constitutive model for
6063 aluminium alloy were as follows: 4 = 5.91x10° s ',
0 = 1.415x10° J/mol, n = 5.385, f=4x10 *m*N.

3.3 Thermal boundary conditions and extrusion
process parameters
Friction is an important factor that affects the metal
flow of billet and temperature rise of the extrusion
deformation. Existing research indicated that when the
temperature was higher than 450 °C, the interface
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frictions among the billet, the container and porthole die
were considered to be adhesive friction type. In FE
simulation, the friction coefficient ranged from 0.9 to 1,
which can guarantee sufficient accuracy [14]. The
friction between the billet and die bearing was defined as
shear friction type. As shown in Eq. (3), friction
coefficient is m (0<m<1), and the friction coefficient was
set to be 0.3 [15]. For the extrusion parameters, the initial
time increment of FE simulation and nonlinear
interaction tolerance were set to be 0.01 s and 0.001,
respectively. The maximum nonlinear interaction was
designated as 50.

o3

where 7; is shear friction coefficient, and o is the
equivalent flow stress.

During porthole die extrusion, the heat transfer of
the billet, extrusion tools and the external environment
significantly influences the metal flow and the extrusion
temperature rise. The interface heat transfer coefficient
of the container, porthole die and billet was specified as
3000 W/(m*-°C), whereas that between the extruded
profile and external environment was set to be
20 W/(m*>-°C) [16]. The initial billet temperature was
480 °C and the temperature of porthole die and container
was 30 °C lower than the billet temperature; the
extrusion ratio was 29.69 and the extrusion speed was
1 mm/s. Table 1 shows the detailed extrusion process
parameters and boundary conditions.

Table 1 Process parameters and boundary conditions of
porthole die extrusion

Parameter and condition Value
Billet temperature/°C 480
Die and container temperature/°C 450
Extrusion speed/(mm-s ') 1
Extrusion ratio 29.69

Friction coefficient between billet Full-sticking

and container, porthole die friction
Friction coefficient between 03
billet and die bearing '
Heat transfer coefficient with
. 22 ol 3000
extrusion tools/(W-m ~-°C")
Heat transfer coefficient with 20

environment/(W-m 2-°C™")

4 FE analysis of extrusion defects

4.1 Metal flow velocity distribution at die exit

Figure 5 illustrates the metal flow velocity
distribution on the cross-section of the extrudate along
the extrusion direction. After extruding the metal through

the die bearing, a remarkable velocity difference is
observed on the cross-section of profile. The deepest
colour is observed at the centre part of extruded profile
and the metal flow velocity is minimum. Other parts of
the section exhibit higher flow velocity. The minimum
velocity at point 4 is only 5 mm/s, whereas the velocities
at points B and C are far higher than that of point 4. The
maximum velocity at point C is approximately 40 mm/s.
The average velocity of point B at the bottom of profile
is close to 33 mm/s. The velocity difference between
point A and points B, C seriously hinders the metal flow
towards the centre part of section. Further simulation
results indicate that the metal flow velocity along the X
direction (i.e. the CA direction) is close to zero (see
Fig. 6(a)), and the average flow velocity of metal along
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Fig. 5 Distribution of metal flow velocity in Z direction on

cross-section of extrudate along extrusion direction
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extrudate: (a) X direction; (b) Y direction
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the Y direction (i.e. BA direction) is 2.2 mm/s (see
Fig. 6(b)). Therefore, the material at the bottom of profile
flows along the Y direction. As a result, a concave defect
on the bottom edge of profile appears in extrusion
experiment.

4.2 Pressure distribution in different directions

Figure 7 shows the pressure distributions of the
billet along the extrusion direction in steady-state
extrusion. It can be seen from Fig. 7(a) that, during the
whole extrusion process, the pressure in the welding
chamber is the highest, and gradually reduces from the
billet to the die exit. Pressure distributions on different
height sections were extracted from the top to the bottom
of the welding chamber (see Figs. 7(b), (¢), (d) and (e)).
A uniform pressure distribution on the cross-section of
workpiece is observed at the highest position of the
welding chamber (see Fig. 7(b)). With the decrease of the
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Fig. 7 Pressure distributions of billets along extrusion direction
during steady extrusion: (a) Steady state; (b) Cross-section 1;
(c) Cross-section 2; (d) Cross-section 3; (e) Cross-section 4

section height, the pressure distribution of the welded
metal gradually becomes non-uniform. The metal
pressure in the centre part of workpiece first decreases,
and the metal flow rate is the lowest. Secondly, the metal
pressure corresponding to the AC edge decreases.
Therefore, the slower part of the material on the edge of
AC is greater than that of 4B. Finally, the metal flows out
the die orifice, whereas the pressure value reduces to
zero. The preceding analysis indicates that the pressure
distribution in the welding chamber influences the
allocation of material and flow behavior. Flow velocity
of the material with a small pressure is less than that with
a large pressure, resulting in differences in velocity
between the two parts.

5 Optimization of porthole die structure and
test verification

5.1 Optimization of die structure

According to the previous analysis, the defect of the
extruded profile is mainly attributed to the non-uniform
metal flow on the cross-section of profile. According to
the velocity distribution of the section, it is necessary to
optimize the initial die structure. Adding baffle plates is
an effective method for regulating flow velocity in the
porthole die. This method is simple and feasible for use
in baffle plates without reopening the die, which is the
most common and first adopted repair measure. It is not
necessary to redesign and machine the porthole die, and
the repairing of the lower die is very simple and feasible.
Therefore, to balance the metal flow velocity, baftle
plates are added on the side with high flow velocity to
increase the resistance of metal flow through the die
orifice. Figure 8 shows the position distribution and
dimensions of the baffle plates. The width and height of
baffle plate are 6 and 5 mm, respectively. And the
distance from the entrance of die orifice is 0.5 mm.

5.2 Metal flow velocity distribution at die exit

Figure 9 shows the metal flow velocity distribution
on the cross-section of extrudate for the optimal porthole
die. The metal flow velocity of point 4 remains the
lowest and the average velocity increases to 19 mm/s.
The minimum velocity is 7 mm/s, which is increased by
2 mm/s compared with that of the initial die. The flow
velocity of points B and C from point A4 gradually
increases. The average velocities of points B and C are
29 and 43 mm/s, respectively, which are decreased by 4
and 3 mm/s compared with the initial scheme. As a
result, the metal flow velocity towards points B and C is
slowed down by adding the baffle plates. However, the
metal flow velocity at point 4 remains the same as that
of the initial die scheme. Thus, the difference in the
velocity between CA and BA reduces. Besides, the metal
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Fig. 8 Modified porthole die: (a) Position of baffle plates;
(b) Detail dimensions of baffle plates
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Fig. 9 Distribution of metal flow velocity in Z direction on

cross-section of extrudate after optimization

velocity distribution along the X direction (i.e. the CA
direction) and Y direction (i.e. the B4 direction) were
extracted and shown in Fig. 10. It can be seen from
Fig. 10 that the average metal flow velocity is close to
zero in the X direction, indicating that no metal flow in
the X direction. The average flow velocity of the metal
along the Y direction is only 1 mm/s, which is 1.2 mm/s
less than that in the initial design die. Therefore, the
metal flow trend in the Y direction decreases.

5.3 Verification of extrusion experiments
Figure 11 shows the result of extrusion experiments
for optimal porthole die. It can be seen that a sound
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Fig. 10 Distribution of metal flow velocity on cross-section of

extrudate after optimization: (a) X direction; (b) Y direction

Fig. 11 Extrusion experiment result after optimization of die
structure

profile is produced and the concave defect is remarkably
is improved, which indicates that the baffle plates could
effectively balance material flow during the porthole die
extrusion process. After optimization, a relatively
uniform flow velocity of metal at the die exit could be
obtained. Figure 12 shows the comparison of measured
displacements at the bottom of the profile before and
after die modification (point B is the coordinate origin,
BA is the Y axis, and the bottom edge BD is the X axis,
see Fig. 9). Before optimization, the displacement at the
bottom B is the largest, which is 1.1 mm. The farther the
distance from point B is, the smaller the displacement of
the profile is. This shows that the difference of the flow
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velocity in the extrusion process is obvious. After adding
the baffle plates, the displacement of the profile at point
B is reduced to 0.15 mm and the farther the distance
from point B is, the smaller the displacement reduction
is, which indicates that the metal flow velocity in
porthole die is more uniform after adding the baffle
plates. This is mainly due to the increase of metal flow
velocity at the center part of the section after adding the
baffle plates, while that in external region of the section
decreases. Thus, the velocity difference between inside
and outside of the section decreases.
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Fig. 12 Comparison of measured displacements at bottom of
profile before and after die modification

6 Conclusions

1) A 3D FE model for simulating steady-state
porthole die extrusion of complex hollow aluminium
profiles based on HyperXtrude software using ALE
algorithm was established. The metal flow behavior and
pressure distribution in different directions were
investigated.

2) Visible metal flow velocity and pressure
differences were observed in the centre part and the
surrounding area of the profile section along the
extrusion direction. The average metal velocity in the Y
direction of AB edge was 2.2 mm/s, leading to a concave
defect at the bottom of profile.

3) After addition of baffle plates in the lower die,
the metal velocity in the centre part of the profile
increases, whereas that in the external region of profile
decreases. The metal velocity in the Y direction of AB
edge reduces to 1 mm/s. As a result, the maximum
displacement in Y direction at the bottom of profile
reduces from 1.1 to 0.15 mm, and concave defect is
remarkably improved.
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