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Abstract: During the porthole die extrusion, the separated metal streams are welded together in
the welding chamber. The conditions under which this occurs and the integrity of weld seam
in the extrudate are impacted by the design of the bridge, including features such as its shape
and dimensions. In this research, the commercial finite element method (FEM) software package,
DEFORM, was used to run a series of simulation experiments in order to quantitatively understand
the relationship between the bridge design and the thermal mechanical history experienced by the
material during welding and the impact this has on final weld seam quality. The bridge can be
roughly divided into two parts: the lower part, close to the welding chamber, and the upper part,
which initially split the billet into metal streams. The results showed that increasing the lower bridge
angle led to slightly higher extrusion loads and higher extrudate exit temperatures. As the lower
bridge angle increased, creating a streamlined profile to a blunt profile, a dead metal zone formed
under the bridge that produced higher strains near the surface of the material. In contrast, changes to
the geometry of the upper bridge had little effect on the porthole die extrusion process or the thermal
mechanical conditions experienced by the material.

Keywords: porthole die extrusion; bridge angle; finite element analysis; thermal mechanical history;
6xxx aluminum alloys

1. Introduction

Hollow aluminum profiles are widely used in automobile, architecture and engineer-
ing structures due to their low density, high strength and recyclability [1–3]. Among the
various manufacturing techniques, porthole die extrusion is one of the most efficient, eco-
nomical and flexible ways to produce hollow aluminum profiles. It is estimated that 90%
of hollow aluminum profiles are manufactured using porthole die extrusion [4]. A bridge
is used to support and fix the mandrel during porthole die extrusion, but the existence of
bridges splits the billet into several streams. The metal streams flow around the bridges and
converge under the bridges and form one or more weld seams in the extrudate. The bridge
geometry greatly affects the metal flow, pressure distribution in the welding chamber and
the final product’s weld seam quality [5–7]. Khan et al. found the welding pressure in
pointed bridge extrusion was higher than in blunt bridge extrusion [8]. Gagliardi et al. stud-
ied porthole die extrusions using three different bridge geometries, rectangle, hexagon and
rhombus, and they noted that samples extruded using a rhomboidal bridge had the highest
fracture strain among the three bridge geometries [6].

Rapid development of technology has led to an increased use of tools, such as commer-
cial FEM programs as part of research programs to assist in understanding and optimizing
the extrusion process. This has included aspects of the die design, material flow and
final extrudate properties [9,10]. Compared to traditional “trial and error” experimental
approaches for die design, the ability to perform “virtual experiments” via FEM simulation
has significant advantages without the cost associated with performing numerous experi-
ments. Research by Annadurai et al. on extrusion die design using FEM simulations led
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to a reduction in experimental trials by 2/3 and a doubling of the lifespan of the die [11].
Singh et al. used HyperXtrude coupled with an optimization algorithm to reduce the speed
variation at die exit from 40% to 2%; this allowed for a higher extrusion speed and less
scrapped material [12]. Beyond die design, FEM simulations have shown the potential
to predict extrusion defects and final extrudate microstructure, texture and mechanical
properties [13,14]. Many of these FEM predictions have been verified against experimental
measurements in recent research [15,16]. Wang Yu et al. used FEM model predictions to
help understand the effect of the bridge shape on the textures that formed along the weld
seam during porthole die extrusion [17]. The objective of this research is to use DEFORM
3D ALE (Arbitrary Lagrangian Eulerian) module to understand the relationship between
the bridge die geometry (angle of the lower and upper part of the bridge) and the strain,
metal flow and temperature during porthole die extrusion. This will provide the die maker
with a greater quantitative understanding of these relationships and provide the necessary
datasets for porthole die design predictive tools using Artificial Intelligence (AI).

Despite much research on the bridge geometry’s effects on porthole die extrusion, most
of the work to date has focused on two extreme cases: a pointed bridge and a blunt bridge.
However, geometries between these two cases have been largely overlooked. Practice
shows that a sharp streamlined bridge increases the welding quality but results in a higher
maximum von Mises stress in the die and reduces the die’s lifetime [8,18]. Yu et al. studied
the effect of a lower bridge angle, ranging from 15◦ to 90◦, and they believed that the
preferred lower bridge angle should be the intermediate angle of 46–54◦, considering both
the extruded sample’s mechanical properties and the die’s strength [19]. In this research, a
verified mathematical model of the porthole die extrusion process was used to examine the
impact of changing the bridge geometry gradually from a sharp pointed tip to a blunt flat
profile. This was performed so the impact of bridge sharpness on the thermal mechanical
history experienced by the material and loads during extrusion could be better quantified
and understood. Moreover, the design of the upper part of the bridge geometry and its
effects on the porthole die extrusion have not been studied to date [18].

2. Die Design and Simulation Model
2.1. Die Design

Figure 1a shows a section view of the porthole die configuration used in this study.
The die that we used produced an extrudate with a rectangular cross section and included
two major parts: the die mandrel (orange) and the die plate (blue). A series of different
bridge geometries were digitally created to investigate the effect of the bridge geometry
(upper and lower bridge angle) on the thermal mechanical history experienced by AA6082
during porthole die extrusion. The billet was first separated into two metal streams by the
bridge, and then the two streams were rejoined to each other in the welding chamber to
form a longitudinal seam along the mid-width location of the extrudate. Due to the friction
caused by the die wall and the bridge, the exit velocity of the material at the profile’s
edge compared to the middle width is relatively slower if the bearing length is uniform.
Therefore, the bearing length was shorter at the edge and the middle width to balance
the material’s exit velocity. The extrudate was a strip with dimensions of 2.5 × 50 mm
(Figure 1c) with a weld seam at the mid-width location, the billet’s size was Φ106 × 200 mm
and the extrusion ratio was 70.

To quantitatively understand the effect of bridge geometry on the extrusion process,
the lower bridge angle was varied from 15◦ to 90◦ in increments of 15◦, as shown in Figure 2.
Each die configuration is designated by its lower bridge angle, such as die 15◦, die 30◦ etc.

To investigate the influence of the upper bridge’s geometry on the porthole die ex-
trusion, three variations in terms of the geometry of the upper bridge were applied to the
die with a 30◦ lower bridge angle and the die with a 90◦ lower bridge angle, as shown in
Figure 3. The first variation (die 30◦−1 and die 90◦−1) were the same bridge shapes used
to examine the lower bridge angle’s effects on the extrusion, which were denoted as die
30◦ and die 90◦, respectively. For comparison, the second and the third variation had a
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sharper or blunter upper part, respectively. Table 1 summarizes the die configurations used
in this research.
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Table 1. Summary of the bridge die geometries used in this research: (a) lower bridge and (b) up-
per bridge.

(a) Lower Angle Upper Angle (b) Lower Angle Upper Angle

die 15◦ 15◦ 30◦ die 30◦−1 (*) 30◦ 30◦

die 30◦ 30◦ 30◦ die 30◦−2 30◦ 15◦

die 45◦ 45◦ 30◦ die 30◦−3 30◦ 90◦

die 60◦ 60◦ 30◦ die 90◦−1 (*) 90◦ 30◦

die 75◦ 75◦ 30◦ die 90◦−2 90◦ 15◦

die 90◦ 90◦ 30◦ die 90◦−3 90◦ 90◦

* die 30◦−1 and die 90◦−1 were the same as die 30◦ and die 90◦ respectively.

2.2. Numerical Model

The simulations were carried out using an ALE module in the commercial finite
element code DEFORM 3D. In the ALE simulation, the mesh nodes are neither connected
to the material nor fixed in the space, but move independently from the material [20].
Compared to the Lagrangian simulation, the ALE simulation does not require frequent
remeshing and can provide simulation results more precisely and efficiently.

Due to the symmetry of the die configuration, only one quarter of the billet and
porthole dies were included in the model to reduce the simulation time (refer to Figure 4).
All the components were meshed using tetrahedral elements, including the ram, the
container and the die. In order to increase simulation efficiency without sacrificing accuracy,
different parts of the billet were meshed using elements of different sizes. Since the die
bearing region experienced the most severe deformation, the billet material in the die
bearing region was meshed using the smallest element (0.2 mm). The material in the billet,
the portholes and the welding chamber were meshed using 5 mm, 1 mm and 0.5 mm sized
elements, respectively.
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The billet and the die tooling were constructed of AA6082 and H13, respectively.
Many researchers have noted that the flow stress of aluminum alloys can reach a steady
value, independent of strain, at a high temperature (>0.5 Tm) [21,22]. Based on this,
Sellars and Tegart proposed a hyperbolic-sine Arrhenius equation (Equation (1)) to describe
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the relationship between stress, strain rate and temperature [23,24]. The hyperbolic-sine
Arrhenius equation is the most widely used material model in aluminum alloy extrusion,
and its effectiveness has been verified by many researchers [13,25,26]. As a result, the
Sellars–Tegart model used for these simulations and its constants was determined by fitting
Equation (1) to the flow stress data stored in the DEFORM database [27].

A[sinh (ασ)]n =
.
εexp(

Qd
RT

) (1)

where σ is the flow stress (MPa),
.
ε is the strain rate (s−1) and T is the temperature (K). A, α, n

and Qd are material constants with value of 9.04 × 108 s−1, 0.03 MPa−1, 5 and 145 kJ·mol−1,
respectively, and R is the universal gas constant (8.314 J·mol−1·K−1).

The extrusion parameters used for the simulations were similar to those used during
a previous extrusion trial [17]. The ram speed was 5 mm/s. The billet and the extrusion
tooling temperature were 480 and 450 ◦C, respectively. In order to prevent the weld seam
from being contaminated, no lubricant was used during the porthole extrusion trials. As a
result, the billet strongly adhered to the container and die surface (except the die bearing),
and the boundary condition of these interfaces were described as fully sticking without
any relative velocity. On the die bearing, a shear friction model with a coefficient of 0.7 was
applied [28]. Additionally, the heat transfer coefficient between the billet and the die
tooling was assumed as 25 kW·m−2K−1 [29]. In the author’s previous work, the validity
of this model was verified by its accurate prediction of the extrusion load and the shape
and size of dead metal zone; it also provided satisfactory evidence to explain the texture
formation [17].

2.3. Flow Path Calculation in Post Processing

Flow path calculation is very important to analyze the material’s thermal mechanical
history and predict the microstructure evolution during porthole die extrusion. In this
research, the flow path was calculated based on the velocity field obtained from the ALE
simulation. The algebra and verification of the flow path calculation was illustrated in
detail in the author’s previous work [17]. Figure 5 shows the flow path (purple line) of a
tracked point from a mid-thickness location along the weld line of the extruded strip during
porthole die extrusion performed with a lower bridge angle of 15◦. Since the tracked point
was exactly on the weld seam at a mid-thickness location of the extruded strip, the thermal
mechanical history of this point represents the thermal mechanical history of the seam. The
tracked point experienced four stages during porthole die extrusion: splitting, porthole,
welding chamber and exit [4]. During the splitting stage, the billet was divided into two
metal streams by the bridge. In the porthole, the tracked point flowed on the surface of
the bridge and accumulated a significant amount of strain under the friction shear stresses.
These separated metal streams rejoined each other in the welding chamber and formed the
weld seam in the middle of the profile. Finally, the material was squeezed out of the die
to form the desired extrudate. In this paper, the state variables and thermal mechanical
history in each stage were carefully examined in order to understand the effect of the bridge
geometry on the porthole die extrusion.
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3. Results and Discussion
3.1. Design of Lower Bridge
3.1.1. Extrusion Load

The prediction of the extrusion load using FEM simulation is very important to the
extrusion industry. On one hand, the predicted extrusion load is something measured in
practice and can be used to verify the validity of the FEM model. On the other hand, it
helps industry to select the appropriate extrusion machine with sufficient capacity [16,30].
Figure 6 shows the model-predicted extrusion load for different lower bridge angles at the
breakthrough when the ram speed and extrusion temperature were 5 mm/s and 480 ◦C,
respectively. The extrusion load increased slightly by 2.6% (~14 tons) as the lower bridge
angle increased. According to Gagliardi et al. [18], the extrusion load increases with the
bridge volume due to its larger obstruction. In this case, the volume of the bridge increased
with the lower bridge angle, ranging from 1.4 × 104 mm3 to 2.0 × 104 mm3 as the lower
bridge angle increased from 15◦ to 90◦.

3.1.2. Velocity Distribution

Figure 7 showed the model-predicted effect of the lower bridge angle on the velocity
field in the welding chamber during porthole die extrusion. When the lower bridge angle
was varied from 15◦ to 45◦, the velocity beneath the bridge maintained a high speed over
30 mm/s, except for a very thin layer of the material that was stuck to the surface of the
bridge (Figure 7a–c). When the lower bridge angle was 60◦, there existed a small part of
the material under the bridge, that had a flow speed less than 3 mm/s. As the lower bridge
angle continued to increase, a dead metal zone formed, and this expanded significantly
under the bridge. When the bridge angle reached 75◦ and 90◦, the dead metal zone was so
large that it could not be neglected (circled in Figure 7e,f). The presence of a dead metal
zone under the bridge can disrupt the smoothness of the material’s flow.

The velocity differences around the bridge for different bridge angles affect the time
needed for the weld seam material (the tracked point shown in Figure 5) to pass through
the porthole and welding chamber, as shown in Table 2. When the lower bridge angle was
15◦, it took only 0.31 s for the weld seam material to pass though the welding chamber.
On the other hand, when a dead metal zone exists, the weld seam material stayed in the
welding chamber for 3.0 s when the lower bridge angle was 90◦; this is ten times longer
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than with the die with a 15◦ angle. As the lower bridge angle increases, the weld seam
material is in the porthole region for a longer time too. As the lower bridge angle increased
from 15◦ to 90◦, the time needed to pass through the porthole stage increased from 4.3 to
9.5 s.

Metals 2023, 13, x FOR PEER REVIEW 7 of 19 
 

 

 
Figure 6. Model-predicted extrusion load versus lower bridge angle. 

3.1.2. Velocity Distribution 
Figure 7 showed the model-predicted effect of the lower bridge angle on the velocity 

field in the welding chamber during porthole die extrusion. When the lower bridge angle 
was varied from 15° to 45°, the velocity beneath the bridge maintained a high speed over 
30 mm/s, except for a very thin layer of the material that was stuck to the surface of the 
bridge (Figure 7a–c). When the lower bridge angle was 60°, there existed a small part of 
the material under the bridge, that had a flow speed less than 3 mm/s. As the lower bridge 
angle continued to increase, a dead metal zone formed, and this expanded significantly 
under the bridge. When the bridge angle reached 75° and 90°, the dead metal zone was so 
large that it could not be neglected (circled in Figure 7e,f). The presence of a dead metal 
zone under the bridge can disrupt the smoothness of the material’s flow.  

The velocity differences around the bridge for different bridge angles affect the time 
needed for the weld seam material (the tracked point shown in Figure 5) to pass through 
the porthole and welding chamber, as shown in Table 2. When the lower bridge angle was 
15°, it took only 0.31 s for the weld seam material to pass though the welding chamber. 
On the other hand, when a dead metal zone exists, the weld seam material stayed in the 
welding chamber for 3.0 s when the lower bridge angle was 90°; this is ten times longer 
than with the die with a 15° angle. As the lower bridge angle increases, the weld seam 
material is in the porthole region for a longer time too. As the lower bridge angle increased 
from 15° to 90°, the time needed to pass through the porthole stage increased from 4.3 to 
9.5 s. 

Figure 6. Model-predicted extrusion load versus lower bridge angle.
Metals 2023, 13, x FOR PEER REVIEW 8 of 19 
 

 

 
Figure 7. Cross-sectional view of the model-predicted velocity distribution in the welding chamber 
for different lower bridge angles: (a) 15°, (b) 30°, (c) 45°, (d) 60°, (e) 75° and (f) 90°. 

Table 2. The time needed for the seam material to pass through the porthole and welding stage. 

Lower Bridge Angle 15° 30° 45° 60° 75° 90° 
Porthole (s) 4.3 4.9 4.9 5.8 8.0 9.5 

Welding chamber (s) 0.31 0.33 0.44 0.67 1.4 3.0 

3.1.3. Temperature Distribution 
Figure 8 showed the model-predicted temperature distribution through the cross-

section of the extruded profile at the die exit. Since the welding region (the middle of the 
extrudate) experienced the most severe deformation, it always had a relatively higher 
temperature than the material around it. Moreover, the temperature of the welding region 
also increased as the lower bridge angle increased. For instance, the die with a 90° angle 
had the highest temperature (583 °C) at the weld region, while the weld seam temperature 
produced using the die with a 15° angle was lowest (579 °C). The profile’s surface 
temperature showed the same trend, and it also increased with the lower bridge angle 
(Figure 9). To quantitatively show the temperature differences between different lower 
bridge angles, the model-predicted temperature distribution across the extrudate at a 
mid-thickness location (the black line shown in Figure 8) was plotted in Figure 10. As 
shown in Figure 11, the weld seam’s temperature was about 4.5 °C higher for the extrusion 
performed with a lower bridge angle of 90° when compared to an extrusion performed 
for a lower bridge angle of 15°. Though 4.5 °C did not seem to be a significant temperature 
difference, the experimental result showed that the die with a 90° lower bridge angle 
produced an extruded profile with a very rough surface close to the weld seam [31]. The 
weld seam temperature for the bridges with the smaller lower bridge angles could be 
because of the smoother material flow and absence of the dead metal zone. The impact of 
the smaller lower bridge angles on the temperature diminished as we move away from 
the weld seam. As shown in Figure 11, the model-predicted exit temperature of a region 
12 mm away from the weld seam was only 1.4 °C higher when extruded using a die with 
a lower bridge angle of 90° when compared to a die with a lower bridge angle of 15°.  

Figure 7. Cross-sectional view of the model-predicted velocity distribution in the welding chamber
for different lower bridge angles: (a) 15◦, (b) 30◦, (c) 45◦, (d) 60◦, (e) 75◦ and (f) 90◦.



Metals 2023, 13, 605 8 of 19

Table 2. The time needed for the seam material to pass through the porthole and welding stage.

Lower Bridge Angle 15◦ 30◦ 45◦ 60◦ 75◦ 90◦

Porthole (s) 4.3 4.9 4.9 5.8 8.0 9.5
Welding chamber (s) 0.31 0.33 0.44 0.67 1.4 3.0

3.1.3. Temperature Distribution

Figure 8 showed the model-predicted temperature distribution through the cross-
section of the extruded profile at the die exit. Since the welding region (the middle of
the extrudate) experienced the most severe deformation, it always had a relatively higher
temperature than the material around it. Moreover, the temperature of the welding region
also increased as the lower bridge angle increased. For instance, the die with a 90◦ angle
had the highest temperature (583 ◦C) at the weld region, while the weld seam temperature
produced using the die with a 15◦ angle was lowest (579 ◦C). The profile’s surface tempera-
ture showed the same trend, and it also increased with the lower bridge angle (Figure 9). To
quantitatively show the temperature differences between different lower bridge angles, the
model-predicted temperature distribution across the extrudate at a mid-thickness location
(the black line shown in Figure 8) was plotted in Figure 10. As shown in Figure 11, the
weld seam’s temperature was about 4.5 ◦C higher for the extrusion performed with a lower
bridge angle of 90◦ when compared to an extrusion performed for a lower bridge angle of
15◦. Though 4.5 ◦C did not seem to be a significant temperature difference, the experimental
result showed that the die with a 90◦ lower bridge angle produced an extruded profile
with a very rough surface close to the weld seam [31]. The weld seam temperature for the
bridges with the smaller lower bridge angles could be because of the smoother material
flow and absence of the dead metal zone. The impact of the smaller lower bridge angles on
the temperature diminished as we move away from the weld seam. As shown in Figure 11,
the model-predicted exit temperature of a region 12 mm away from the weld seam was only
1.4 ◦C higher when extruded using a die with a lower bridge angle of 90◦ when compared
to a die with a lower bridge angle of 15◦.
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3.1.4. Strain Distribution

The accumulated plastic strain was calculated by integration of the effective strain rate
over time along the flow path, as shown in Equation (2).

ε =
∮

.
εeffectivedt (2)

Figure 12 showed the model-predicted evolution of strain across the extrudate as
the lower bridge angle was varied from 15◦ to 90◦. Referring to Figure 12a, when the
lower bridge angle was 15◦, the red high strain region at the seam was lenticular shaped
with a very slight bulge at the mid-thickness. As the lower bridge angle was increased to
45◦, the bulge of the high strain region grew slightly larger into the neighboring material
(Figure 12b,c). When the lower bridge angle was 60◦, the bulge of the high strain region
at the mid-thickness was obvious. As the lower bridge angle was further increased to
90◦, the high strain region at the mid-thickness location of the weld seam had grown and
extended the furthest into the neighboring material. This corresponds to experimental
work conducted by Wang et al. that also showed that the weld seam transformed from
linear to cross shape as the lower bridge angle increased [19]. The velocity distribution
(Figure 7) showed the material flow became less smooth and even obstructed by the dead
metal zone in the welding chamber as the lower bridge angle increased. As a result, a
higher strain accumulated at the weld seam region and more material close to the weld
seam was affected due to the increasing of the lower bridge angle. Figure 13 shows the
strain distribution along the mid-thickness (red line in Figure 12f) of the extrudate profile
from the weld seam to the strip edge. At a location about 4 mm away from the seam,
the strain in all the extrusions with different lower bridge angles converge at 5.2. As a
comparison, the strain of the sample extruded without a bridge was about 5.0 at the die
exit. This shows that the influence of the bridge diminishes away from the seam. These
results are supported by experimental work [31] that showed that, for lower bridge angles
of 30◦, the bridge only affected the material’s texture about 1 mm away from the bridge;
meanwhile, for material extruded using a lower bridge angle of 90◦, the bridge influenced
the material’s texture as far as 3 mm away from the weld seam.



Metals 2023, 13, 605 11 of 19

Metals 2023, 13, x FOR PEER REVIEW 11 of 19 
 

 

bulge of the high strain region grew slightly larger into the neighboring material (Figure 
12b,c). When the lower bridge angle was 60°, the bulge of the high strain region at the 
mid-thickness was obvious. As the lower bridge angle was further increased to 90°, the 
high strain region at the mid-thickness location of the weld seam had grown and extended 
the furthest into the neighboring material. This corresponds to experimental work 
conducted by Wang et al. that also showed that the weld seam transformed from linear to 
cross shape as the lower bridge angle increased [19]. The velocity distribution (Figure 7) 
showed the material flow became less smooth and even obstructed by the dead metal zone 
in the welding chamber as the lower bridge angle increased. As a result, a higher strain 
accumulated at the weld seam region and more material close to the weld seam was 
affected due to the increasing of the lower bridge angle. Figure 13 shows the strain 
distribution along the mid-thickness (red line in Figure 12f) of the extrudate profile from 
the weld seam to the strip edge. At a location about 4 mm away from the seam, the strain 
in all the extrusions with different lower bridge angles converge at 5.2. As a comparison, 
the strain of the sample extruded without a bridge was about 5.0 at the die exit. This shows 
that the influence of the bridge diminishes away from the seam. These results are 
supported by experimental work [31] that showed that, for lower bridge angles of 30°, the 
bridge only affected the material’s texture about 1 mm away from the bridge; meanwhile, 
for material extruded using a lower bridge angle of 90°, the bridge influenced the 
material’s texture as far as 3 mm away from the weld seam.  

Figure 14 showed the strain at the weld seam versus the lower bridge angle. When 
the lower bridge angle ranged from 15° to 45°, the strain value (around 40) of the weld 
seam was almost unchanged. However, when the lower bridge angle was greater than 60°, 
the strain at the weld seam increased very sharply as the lower bridge angle increased due 
to the formation and obstruction of the dead metal zone under the bridge. During 
extrusion with a lower bridge angle of 90°, the strain of the welding region can be as high 
as 117. 

 
Figure 12. Cross-sectional view of the effect of the lower bridge angle on the model-predicted strain 
across the extrudate: (a) die 15°, (b) die 30°, (c) die 45°, (d) die 60°. (e) die 75° and (f) die 90°. 
Figure 12. Cross-sectional view of the effect of the lower bridge angle on the model-predicted strain
across the extrudate: (a) die 15◦, (b) die 30◦, (c) die 45◦, (d) die 60◦. (e) die 75◦ and (f) die 90◦.

Metals 2023, 13, x FOR PEER REVIEW 12 of 19 
 

 

 
Figure 13. Model-predicted strain distribution showing the effect of lower bridge angle on the strain 
along the seam to the edge of the extrudate at the mid-thickness location (the red line in Figure 12f). 

 
Figure 14. Model-predicted effect of lower bridge angle on the strain at the mid-thickness of weld 
seam after extrusion. 

3.1.5. Thermal Mechanical History 
Thermal mechanical history is very important in determining the microstructure and 

texture of the extrudate. In this research, each points’ state variables on the flow path were 
obtained using an interpolation method. The thermal mechanical history was obtained by 
relating the point’s state variables and their corresponding time. In this paper, the time 
when the material exited the die was denoted as 0 s. 

Figure 15 shows the model-predicted thermal history of the weld seam material 
using different lower bridge angles during extrusion. As mentioned earlier, the porthole 

Figure 13. Model-predicted strain distribution showing the effect of lower bridge angle on the strain
along the seam to the edge of the extrudate at the mid-thickness location (the red line in Figure 12f).

Figure 14 showed the strain at the weld seam versus the lower bridge angle. When the
lower bridge angle ranged from 15◦ to 45◦, the strain value (around 40) of the weld seam
was almost unchanged. However, when the lower bridge angle was greater than 60◦, the
strain at the weld seam increased very sharply as the lower bridge angle increased due to
the formation and obstruction of the dead metal zone under the bridge. During extrusion
with a lower bridge angle of 90◦, the strain of the welding region can be as high as 117.
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3.1.5. Thermal Mechanical History

Thermal mechanical history is very important in determining the microstructure and
texture of the extrudate. In this research, each points’ state variables on the flow path were
obtained using an interpolation method. The thermal mechanical history was obtained by
relating the point’s state variables and their corresponding time. In this paper, the time
when the material exited the die was denoted as 0 s.

Figure 15 shows the model-predicted thermal history of the weld seam material using
different lower bridge angles during extrusion. As mentioned earlier, the porthole die
extrusion can be roughly divided into four stages: splitting, porthole, welding chamber
and exit. Examining the thermal history of the weld seam material (the tracked point
shown in Figure 5) during extrusion using a lower bridge angle of 90◦, the temperature
began to rise from the billet temperature of 480 ◦C when the splitting occurs at around
17 s (noted by the splitting arrow in Figure 15). After the material (see Figure 5) entered
the portholes at around 12.5 s, its temperature increased because of the strong friction
shear stress from the bridge surface; however, it also lost some heat due to its contact with
the cold bridge. As a result, the temperature increased slowly during this stage. In the
welding chamber, the temperature saw the largest increase, from 510 to 590 ◦C, due to the
severe plastic deformation it experienced. Weld seam material extruded using lower bridge
angles experienced very similar thermal histories, but each stage happened at different
times due to their different velocities. For instance, the splitting stage of material extruded
using a lower bridge die 15◦ occurred at 7 s (noted by a red arrow in Figure 15), and the
temperature also began to rise at the same time.

Figure 16 shows the effective strain history of the weld seam material for different
bridge angles. As with thermal history, the strain history can also be roughly divided into
four stages. Examining the strain history of the weld seam extruded using a lower bridge
angle of 90◦, we see the strain began to increase when the splitting stage occurred at 17 s.
When the weld seam entered the porthole at around 12.5 s, the effective strain was already
~7 due to the deformation that occurred at the splitting stage. In the porthole stage, the
flow path on the surface of the bridge experienced a very high strain rate due to friction, so
the strain value increased from 7 to 105. Finally, in the welding chamber, the strain value
continued to rise 105 to 120 at the exit. Material extruded using other lower bridge angles
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experienced a similar pattern of strain accumulation. However, similar to the thermal
history, the strain and the time of each stage were very different depending on the lower
bridge angle.
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3.1.6. Weld Quality

Currently, there are three widely accepted criteria used to predict the welding quality
of the weld seam. One of them is the “Q-criterion”, proposed by Plata and Piwnik [32],
based on the assumption that a strong bond is formed once the deformation energy is above
a critical value. The disadvantage of the “Q-criterion” is that it gives an unreasonably high
value of the deformation energy if the material is stuck in the dead metal zone for a long
period of time. In order to solve this problem, Donati and Tomesani [33,34] proposed the
“K-criterion” by taking the velocity into consideration. In their research, the “K-criterion”
proved to be better than the “Q-criterion” at predicting weld quality of AA6084 alloy
porthole die extrusion [33]. In recent years, Yu et al. [14,35] suggested that sufficient strain
is necessary to break the contaminant and expose clear material to form a sound weld.
Therefore, the strain was expressed as the integral of strain rate over time in their proposed
“J-criterion” (Equation (3)). According to their study on the porthole die extrusion of
complex profiles, the “J-criterion” gave the most accurate prediction among the three [14].
In this research, the “J-criterion” was used to compare the weld quality of profiles extruded
using different lower bridge angles.

J =
∫ t

0
k0

σm

σ

.
εexp(

RT
QD

)dt (3)

where k0 is the coefficient related to the material and surface condition for bonding (as-
sumed to be 1 in this study), σm is the mean stress normal stress (MPa), σ is the ef-
fective stress (MPa),

.
ε is the effective strain rate (s−1), R is the universal gas constant

(8.314 J·mol−1·K−1), T is the absolute temperature (K), Qd is the diffusion activation energy
(which is 1.45 × 105 J·mol−1 from 450 to 650 ◦C [14]) and t is the time (s).

Table 3 shows the “J criterion” parameters when the lower bridge angle varied from
15◦ to 90◦. The welding quality was very similar when the lower bridge angle was smaller
than 45◦. However, the welding quality parameter began to drop as the lower bridge angle
increased beyond 60◦. In porthole die extrusion design, the welding quality parameter
should always be above a critical value to achieve a sound weld. Sound weld quality
means the weld seam does not contain voids and its strength is equivalent to the matrix.
In research by Yu et al. [14], the critical “J value” for AA 6084 alloy to achieve a sound
welding quality is 10.8; this is below all of the J values of the die configurations examined
in this paper (Table 3). Despite the different welding parameters using different lower
bridge angles, it seems that all of them can achieve a satisfactory weld quality based on this
criterion. This simulation result also agreed with the author’s experimental results: that the
die 30◦ and die 90◦ extruded samples had almost the same strength and elongation [36].

Table 3. The predicted weld quality of porthole die extrusion using different lower bridge angles.

Weld Quality Parameter Die 15◦ Die 30◦ Die 45◦ Die 60◦ Die 75◦ Die 90◦

J 15.4 15.1 15.8 14.7 13.7 13.4

3.2. Design of Upper Bridge
3.2.1. Temperature Distribution

Figure 17 shows the model-predicted temperature distribution at the die exit when
the geometry of the upper bridge was varied for dies with a lower bridge angle of 30◦ and
90◦ during extrusion. A change in geometry of the upper bridge did not have a significant
effect on the temperature distribution. As shown in Figure 18, the temperature difference
between die 90◦−1 and die 90◦−2 was only about 0.7 ◦C along the weld line. On the
other hand, the temperature difference between die 30◦−1 and die 90◦−1 was about 4.5 ◦C
along the weld line. It is very clear that the exit temperature is much more sensitive to the
geometry of the lower bridge but not the geometry of the upper bridge.
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Figure 17. Model-predicted cross-sectional view of the extrudate’s exit temperature showing the
effect of the upper bridge’s geometry: (a) die 30◦−1, (b) die 30◦−2, (c) die 30◦−3, (d) die 90◦−1.
(e) die 90◦−2 and (f) die 90◦−3.
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Figure 18. Model predicted exit temperature distribution of the extrudate along the middle thickness
(the black line in Figure 17f) and how it is affected by the upper geometry.

3.2.2. Strain Distribution

Figure 19 shows the model-predicted strain distribution through the cross section of
the extrudate using different upper bridge geometries. In a very similar way to the effect of
the upper bridge’s shape on temperature distribution, there was very little effect of this on
the strain distribution in the extrudate.
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Based on the above discussion, it is safe to say that the shape of the upper part of the
bridge has a negligible influence on the temperature and strain distribution of the extrusion
near the weld line relative to the effect of the geometry of the lower part of the bridge.

3.2.3. Strain History

Figure 20 shows the effective strain history of the weld seam’s material for different
upper bridge’s geometries. The upper bridge angle of 30◦ and 15◦ had almost the same
strain history, but the upper bridge angle of 90◦ had a slightly higher strain. The blunt
upper part of the bridge had more difficulties in splitting the billet into two metal streams
when compared with the other two smaller upper bridge angles; as such, it accumulated
more strain during the splitting stage. For dies with a lower angle of 30◦, the strain value
in the bridge with the upper bridge angle of 90◦ (die 30◦−3) was about 7.5 at the end of
the splitting stage (marked by the red arrow in Figure 20a). Meanwhile, the strain value in
the upper bridge angle of 30◦ (die 30◦−1) and 15◦ (die 30◦−2) was about 5.8 at the end of
the splitting stage (marked by the black arrow in Figure 20a). Similarly, die 90◦−3 with
the upper bridge angle of 90◦ also showed a higher strain (≈13) at the end of the splitting
(marked by the red arrow in Figure 20b) compared with the strain (≈7) in die 90◦−1 (30◦

upper bridge angle) and die 90◦−2 (15◦ upper bridge angle) when the splitting finished
(marked by the black arrow in Figure 20b). Despite the blunt upper part of the bridge
resulting in a slightly higher strain from the splitting, the strain difference between the
three variations was still very small when compared to the total strain. Compared to the
impact of the lower bridge angle, the upper die geometry has a much smaller impact on
the strain history of the weld seam.



Metals 2023, 13, 605 17 of 19

Metals 2023, 13, x FOR PEER REVIEW 17 of 19 
 

 

3.2.3. Strain History 
Figure 20 shows the effective strain history of the weld seam’s material for different 

upper bridge’s geometries. The upper bridge angle of 30° and 15° had almost the same 
strain history, but the upper bridge angle of 90° had a slightly higher strain. The blunt 
upper part of the bridge had more difficulties in splitting the billet into two metal streams 
when compared with the other two smaller upper bridge angles; as such, it accumulated 
more strain during the splitting stage. For dies with a lower angle of 30°, the strain value 
in the bridge with the upper bridge angle of 90° (die 30°−3) was about 7.5 at the end of the 
splitting stage (marked by the red arrow in Figure 20a). Meanwhile, the strain value in the 
upper bridge angle of 30° (die 30°−1) and 15° (die 30°−2) was about 5.8 at the end of the 
splitting stage (marked by the black arrow in Figure 20a). Similarly, die 90°−3 with the 
upper bridge angle of 90° also showed a higher strain (≈ 13) at the end of the splitting 
(marked by the red arrow in Figure 20b) compared with the strain (≈ 7) in die 90°−1 (30° 
upper bridge angle) and die 90°−2 (15° upper bridge angle) when the splitting finished 
(marked by the black arrow in Figure 20b). Despite the blunt upper part of the bridge 
resulting in a slightly higher strain from the splitting, the strain difference between the 
three variations was still very small when compared to the total strain. Compared to the 
impact of the lower bridge angle, the upper die geometry has a much smaller impact on 
the strain history of the weld seam.  

 
Figure 20. Model predicted strain history of the weld seam material and how it is impacted by the 
upper bridge’s geometry: (a) die 30° series and (b) die 90° series. 

4. Conclusions 
A verified DEFORM 3D ALE module was applied to predict the exit temperature, 

strain and the thermal mechanical history of the porthole die extrusions using varying 
bridge geometries. The purpose of this research was to obtain a quantitative 
understanding on the role of bridge geometry design on the final extrudate and quality of 
the welds produced. This information can help die makers design bridges for different 
extrudates and qualitatively assess the impact on microstructure. From this research, the 
following conclusions can be drawn: 
1. The velocity distribution in the welding chamber and the material flow was directly 

influenced by the lower bridge angle. When the lower bridge angle was above 60°, a 
dead metal zone began to form under the bridge and disrupted the material flow. 

2. As the lower bridge angle increased from 15° to 90°, the temperature of the welding 
seam increased from 579 °C to 583 °C and the strain increased from 40 to 117. The 
strain distribution plot implies that the microstructure and texture of the weld seam 

Figure 20. Model predicted strain history of the weld seam material and how it is impacted by the
upper bridge’s geometry: (a) die 30◦ series and (b) die 90◦ series.

4. Conclusions

A verified DEFORM 3D ALE module was applied to predict the exit temperature,
strain and the thermal mechanical history of the porthole die extrusions using varying
bridge geometries. The purpose of this research was to obtain a quantitative understanding
on the role of bridge geometry design on the final extrudate and quality of the welds
produced. This information can help die makers design bridges for different extrudates
and qualitatively assess the impact on microstructure. From this research, the following
conclusions can be drawn:

1. The velocity distribution in the welding chamber and the material flow was directly
influenced by the lower bridge angle. When the lower bridge angle was above 60◦, a
dead metal zone began to form under the bridge and disrupted the material flow.

2. As the lower bridge angle increased from 15◦ to 90◦, the temperature of the welding
seam increased from 579 ◦C to 583 ◦C and the strain increased from 40 to 117. The
strain distribution plot implies that the microstructure and texture of the weld seam
and its adjacent areas can be influenced by the geometry of the lower part of the
bridge, but the rest of the material was almost unaffected.

3. The upper part of the bridge only affected the splitting stage of the porthole die
extrusion, but its overall influence on the porthole die extrusion and final extrudate
was negligible compared by the lower part of the bridge.
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