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ABSTRACT 
 

     In this study, an extension porthole die for hot extrusion processes is proposed to 
manufacture large-diameter thin tubes. Magnesium alloy MB8 is used as the billet 
material. The flow stresses of the billet are obtained by compression tests. A finite 
element simulation software DEFORM-3D is adopted to analyze the plastic deformation 
pattern of the billet inside the die cavity during hot extrusion process of magnesium 
alloy tubes. The effects of various forming parameters on extrusion loads and stress 
distributions at the die bridge are discussed to ensure the maximum extrusion load is 
smaller than the extruder’s capacity and the maximum effective stress at the die bridge 
is smaller than the yielding strength of the die material. The best geometric combination 
inside the welding chamber for obtaining a larger welding pressure is obtained using 
Taguchi method. Experiments of hot magnesium tube extrusion using a 2000-ton 
extrusion machine for 7-inch billets are conducted. Experimental results of extrusion 
loads and product thickness distributions are compared with the simulation results to 
verify the validity of the finite element modelling and the porthole die design guideline 
proposed. 
 
1. INTRODUCTION 
 
     Large-diameter and thin magnesium alloy tubes are widely used in various fields 
such as transportation, electronics industries, etc., because of their high specific 
strength (Itakura 2007). Compared to other forming processes, such as forging, or die-
casting, extrusion processes are more cost-effective methods for mass-producing tubes 
or sheets. Magnesium thin tubes made by extrusion processes have better formability 
compared with those made by rolling processes. A larger extrusion machine is required 
for manufacturing of large-diameter and thin magnesium tubes by extrusion processes 
with a regular porthole die design. To decrease the extrusion load and use a smaller 
extrusion machine to accomplish the extrusion process, a specially designed porthole 
die set is required. 
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A few works regarding to studies on hot extrusion of aluminum or magnesium 
alloys have being published. For example, Takatsuji (2000) used a flat die with a 
spread ring to manufacture thin wide aluminum sheets. Inagaki et al. (2001) 
investigated the effects of a taper porthole die on the extrusion pressure in extrusion of 
rectangular aluminum pipes. The extrusion pressure with a circular porthole die was 
smaller than that with a straight porthole die. Lapovok et al. (2004) used finite element 
simulations to predict the maximum temperature of the deforming billet and discussed 
the forming limit of the extrusion speed and the extrusion ratio for a rod extrusion 
process of Magnesium alloy AZ31. 

Tang et al. (2014) conducted simulations of aluminum channel tube extrusion 
with a porthole extrusion die and proposed a novel method to evaluate the seam 
welding strength of the micro channel tube. Alharthi et al. (2014) conducted simulations 
of magnesium alloy AM30 extrusion using DEFORM software and proposed a method 
to evaluate the weld integrity at the welding line. Yu et al. (2016) conducted porthole 
die extrusion process of aluminum alloy profiles, analyzed the welding quality and 
proposed a solid-state bonding criteria. Yagita et al. (2014) conducted extrusion 
experiments of circular cupper tubes with spiral inner projections. Additional small 
grooves were carved on the surface of bearing for the acceleration of spiral movement 
of the tube during extrusion and the spirality was improved by increasing the bearing 
length. Yang et al. (2014) conducted conventional symmetrical extrusion and 
asymmetric extrusion of Mg alloy AZ31 sheets. The microstructure and mechanical 
properties of the extruded products were examined and discussed. Hsu et al. (2014) 
conducted numerically a hollow extrusion process with variant pocket geometries in the 
welding chamber and bearing length to obtain a uniform material flow. Finite element 
analysis and Taguchi method were used to obtain a better porthole type extrusion die 
design. One of the present authors (Hwang and Chang, 2014) investigated analytically 
and experimentally extrusion processes of magnesium alloy hollow helical tubes by a 
single-cylinder extrusion machine. The effects of the die bearing length, spiral angle, 
extrusion speed, initial temperature, and petal number on the largest extrusion loads, 
the filling ratios, and the product temperature distributions were discussed. 

The above literature mainly focused on hot extrusion of aluminum or 
magnesium alloys with a straight vertical porthole die. During extrusion of magnesium 
alloys, the surface quality and the mechanical properties of the product are more 
sensitive to the extrusion conditions of the initial billet temperature and the ram speed, 
compared with extrusion of aluminum alloys. Therefore, the forming ranges for a sound 
product are relatively limited. Die design and forming process control are crucial to a 
successful extrusion process of magnesium alloys. In order to accomplish  hot 
extrusion of thin tubes of a large diameter using a smaller extrusion machine, an 
extension port-hole die has to be designed. In this paper, an extension porthole 
concept is proposed to decrease the extrusion loads. The plastic flow of the billet during 
extrusion of AM8 large-diameter and thin tubes is analyzed using the finite element 
simulations. The effects of the bridge entry angle, ram speed, channel height, bridge 
width, etc., on the extrusion loads and stress distributions at the die bridge are 
discussed systematically. 
 
 



  

2. FINITE ELEMENT SIMULATIONS 
 
     An implicit and static finite element code “DEFORM 3D” is adopted to analyze the 
plastic flow pattern of the billet within the die cavity during hot extrusion of a large-
diameter thin magnesium tube. A four-hole extension porthole die set is designed as 
shown in Fig.1, where RP is the porthole radius; WP is the porthole width; rP is the 
porthole corner radius; and WB is the bridge width. The geometrical configurations in 
the extension channel and welding chamber are shown in Fig.1(b), where HE is the 
extension channel height; RO and RI are the outer and inner radii of the welding 
chamber, respectively; and WL is the half-width of the welding chamber land. The 
geometry of the die bearing part below the welding chamber is shown in Fig.2, where, 
rB is the corner radius; HMB and HB are the mandrel bearing height and bearing height, 
respectively. The geometrical dimensions of the whole porthole die set are given in 
Table 1. 
 

               

(a) Top view of the whole porthole die       (b) One quarter of the porthole die with a welding chamber 

Fig. 1 Schematic of an extension porthole die for extrusion of large-diameter thin 
magnesium tubes. 
 

 

Fig. 2 Schematic of an extension porthole die for extrusion of large-diameter thin 
magnesium tubes. 
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Table 1 Geometrical dimensions of porthole die set. 

Die geometry variables Dimensions 

Die diameter, DD 348 mm 

Porthole radius, RP 84 mm 

Porthole width, WP 45 mm 

Bridge width, WB 40 mm 

Porthole corner radius, rP 10 mm 

Die height, HD 200 mm 

Porthole height, HP 120 mm 

Outer radius of welding chamber, RO 105 mm 

Inner radius of welding chamber, RI 60 mm 
Half-width of welding chamber land, 

WL 2.5 mm 

Bearing corner radius, rB 1 mm 

Mandrel bearing height, HMB 7.5 mm 

Bearing height, HB 5 mm 

Container inner diameter 188 mm 

Billet length 200 mm 

Billet diameter 178 mm 

 
 

The configurations of the ram, mandrel, die and the billet during hot extrusion of 
large-diameter thin magnesium tubes are shown in Fig. 3. The dimensions of the 
container inner diameter and the length and diameter of the billet are given in Table 1. 
During the simulations for the plastic flow of the billet, it is assumed that the billet is 
rigid-plastic, and the die, mandrel, ram and the container are all rigid. However, the die 
and mandrel are set as elastic in the Die Stress Analysis Mode. The interfaces between 
the billet and the die and container have a constant friction factor m, which is set to be 
0.7 to correspond to the condition of hot forming. The four-node tetrahedron elements 
are used. The billet is divided into about 100000 elements. Two kinds of mesh densities 
with dimension ratio of 5 for the billet within the container and at the die exit are 
adopted. The extrusion temperature is set as 400oC. The thickness and diameter of the 
tube product are 2.5 mm and 130 mm, respectively, accordingly, the total extrusion 
ratio is about 25. The Extrusion conditions used in the FE simulations are shown in 
Table 2. The finite element code is based on the flow formulation approach using an 
updated Lagrange procedure. Compression tests are used to obtain the flow stress of 
magnesium alloy MB8 at temperature of 400oC and strain rates of 0.01, 0.1 and 1 s-1, 
as shown in Fig. 4. The iteration methods adopted for solving the nonlinear equations 
are the Newton-Raphson and the direct iteration methods. The direct iteration method 
is used to generate a good initial guess for the Newton-Raphson method, whereas the 
Newton-Raphson method is used for speedy final convergence. 
 



  

                

Fig. 3 Configurations of ram, mandrel, die      Fig. 4 Flow stress of magnesium alloy. 
and billet before hot extrusion. 
 

Table 2 Extrusion conditions used in the FE simulations. 

Extrusion conditions Values 

Billet material MB8 

Total mesh number in billet 100000 

Mesh size ratio 5 

Shear friction factor, m 0.7 

Extrusion temperature, T 400
o
C 

Ram speed, V 1 mm/s 

Extrusion ratio 24.9 

Extrusion conditions Values 

Billet material MB8 

Total mesh number in billet 100000 

Mesh size ratio 5 

Shear friction factor, m 0.7 

Extrusion temperature, T 400
o
C 

Ram speed, V 1 mm/s 

Extrusion ratio 24.9 

 
 
3. SIMULATION RESULTS AND DISCUSSION  
 

Manufacturing of large-diameter and thin magnesium tubes by extrusion 
requires a large extrusion machine. To decrease the extrusion load for adopting a 
smaller extrusion machine, an extension porthole die set is designed. The variations of 
the forming conditions used in FE simulations of hot extrusion are given in Table 3 and 
the schematic of the related geometrical parameters is shown in Fig.5. The Effects of 
the forming parameters in the designed porthole die on the extrusion load and the 
effective stress distributions at the die bridge are discussed below. 
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Table 3 Variations of forming conditions used in FE simulations of hot extrusion. 

Forming variables Values 

Ram speed, V (mm/s) 1, 2, 3 

Bridge entry angle,  60
o
, 70

 o
, 80

 o
 

Porthole height, HP (mm) 110, 115, 120 

Bridge width, WB (mm) 30, 35, 40 

 
 

 

Fig. 5 Schematic of geometrical parameters for FE analysis of hot extrusion. 
 
 
 
3.1 Effects of forming parameters on extrusion loads 

The effects of the ram speed on the extrusion loads are shown in Fig. 6. The 

other conditions are bridge entry angle θ=70 o, porthole height HP=120 mm, and bridge 
width WB=40 mm. The billet temperature is 400oC. At the first stage in the load 
variations (S=0-60 mm), the billet fills up the container and flows through the porthole 
extension channels. At the second stage (S=60-99 mm), the billet fills up the welding 
chamber. At the final stage (S>100 mm), when the billet flows through the die bearing, 
the load increases dramatically. When the front end of the billet flows out from the die 
exit, the load reaches its maximal value. There is little difference in the extrusion loads 
at the first and second stages (S<99 mm) for the three cases. Whereas at the final 
stage, the maximum loads for V=1, 2 and 3 mm/s are 19, 23 and 27 MN, respectively. 
In other words, the extrusion loads for V=2 and 3 mm/s are larger the capacity of the 
extrusion machine of 20 MN. 

The effects of bridge entry angle on the extrusion loads are shown in Fig. 7. The 
ram speed is set as V=1 mm/s, the porthole height HP=120 mm, and the bridge width 
WB=40 mm. The extrusion load decreases slightly with increasing the bridge entry 
angle. There is no big difference in the maximum extrusion loads required for different 
bridge entry angles. The maximum loads for the three cases are all about 19 MN. 
 



  

      
  Fig. 6 Effects of ram speed on load.      Fig. 7 Effects of bridge entry angle on load. 
 
     The effects of the porthole height on the extrusion load are shown in Fig. 8. 
Clearly, the maximum extrusion loads for the three cases are all about 19 MN. That is 
because as the porthole height increases, the extension channel angle of the porthole 
die becomes smaller. Accordingly, there is no big difference for different porthole 
heights. On the other hand, a larger porthole height makes the billet flow through a 
longer path and accordingly the time instant reaching the maximum load becomes later. 
    The effects of bridge width on the extrusion load are shown in Fig. 9. Clearly, the 
maximal load increases with increasing bridge width. A larger bridge width makes the 
extension channel become narrower and the friction effects of a narrower channel 
increase the extrusion load. On the other hand, a larger bridge width results in a 
narrower channel and makes the time instant reaching the maximum load become 
faster. 
 

      
Fig. 8 Effects of porthole height on extrusion load.  Fig. 9 Effects of bridge width on 

extrusion load. 
 
3.2 Effects of forming parameters on stress distributions and displacements 

The effective stress distributions and displacements in z direction at the die bridge 
with ram speeds of V=1 and 2 mm/s are shown in Figs. 10 and 11, respectively. The 

other conditions are bridge entry angle θ=70 o, porthole height HP=120mm, and bridge 



  

width WB=40 mm. In Fig. 10(a), clearly, the maximum effective stress of about 1600 
MPa occurs at the corner of the die bridge, which is smaller than 1650 MPa, the 
yielding stress of the die material AISI-H13. In Fig. 11(a), the maximum effective stress 
at the die corner is larger than 1650 MPa, which means the areas at the die corner may 
undergo plastic deformation. In Figs. 10(b) and 11(b), the maximum deflections in z 
direction at the bridge center are about 0.8 and 0.9 mm for ram speeds of 1 and 2 
mm/s, respectively. Because the bearing height difference between the mandrel and 
die is designed as 1 mm, the deflections in z direction for both V=1 and 2 mm/s are all 
acceptable. 
 

        

(a) Effective stress distributions           (b) Displacements in z direction 

Fig. 10 Effective stress distributions and displacements in z direction at die bridge with 
ram speed of 1 mm/s. 
 

       

(a) Effective stress distributions           (b) Displacements in z direction 

Fig. 11 Effective stress distributions and displacements in z direction at die bridge with 
ram speed of 2 mm/s. 
 

The effective stress distributions and displacements in z direction at the die bridge 
with bridge width of 30 and 35 mm are shown in Figs. 12 and 13, respectively. The 

other conditions are ram speed of 1 mm/s, bridge entry angle θ=70 o, and porthole 



  

height HP=120mm. In Figs. 12(a) and 13(a), the maximum effective stress with bridge 
width of 30 mm is larger than that with bridge width of 35 mm. In Figs. 12(b) and 13(b), 
the maximum deflection in z direction at the bridge center with bridge width of 30 mm is 
slightly larger than that with bridge width of 35 mm. Nevertheless the deflections in z 
direction for both cases are all smaller than 1 mm and are all acceptable. 
 

            

(a) Effective stress distributions           (b) Displacements in z direction 

Fig. 12 Effective stress distributions and displacements in z direction at die bridge with 
bridge width of 30 mm. 
 

          

(a) Effective stress distributions           (b) Displacements in z direction 

Fig. 13 Effective stress distributions and displacements in z direction at die bridge with 
bridge width of 35 mm. 
 

From the simulation results of the extrusion loads and stress distributions at the die 
bridge for different forming conditions shown in Table 2, it can be concluded that using 

the forming conditions of ram speed V=1 mm/s, bridge entry angle θ=80 o, porthole 
height HP=110mm, and bridge width WB=35 mm, the simulation results of the hot 
extrusion can meet the requirements of the maximum extrusion loads smaller than 20 
MN, the capacity of the extruder, and the maximum stress at the die bridge centre 
smaller than 1650 MPa, the yielding strength of the die material. 

 
 



  

3.3 Discussions of welding pressure at welding chamber with Taguchi method 

     Welding pressure at the welding plane is an important factor affecting the bonding 
strength of a sound product. Taguchi method is used to determine the geometric 
dimensions inside the welding chamber, which includes welding land width, welding 
chamber height, welding chamber width, and bearing height, as shown in Fig. 14. The 
control factors and levels are given in Table 4. The simulation results of welding 
pressure in the selected L9 orthogonal array in Taguchi method are shown in Table 5. 
A larger welding pressure can enhance the bonding strength of the product, so it is a 
LARGER-THE-BETTER case. The variance analysis for each control factor is shown in 
Fig. 15. Clearly, the best conditions are A2B3C3D3, i.e., half-welding land width of 1.5 
mm, welding chamber height of 30 mm, welding chamber width of 50 mm, and bearing 
height of 6.25 mm. With the above selected conditions, a mean welding pressure of 
543 MPa is obtained and the other simulation results also meet the requirements of the 
maximum extrusion load smaller than the extruder’s capacity of 2000 ton, the maximum 
stress at the die bridge corner smaller than the yielding strength of die material of 1650 
MPa, and the maximum deflection at the bridge center smaller than the designed limit 
value of 1.0 mm. 
 

 

Fig. 14 Schematic of welding plane and related geometries. 
 
 

Table 4 Control factors and levels used in Taguchi method 

Control factors Levels (Unit: mm) 

 1 2 3 

A:Half-welding land width, WL 2.5 1.5 3.5 

B:Welding chamber height, HC 25 20 30 

C:Welding chamber width, WC 45 40 50 

D:Bearing height, HB 5 3.75 6.25 

 
 
 

Welding 
plane 



  

Table 5 Simulation results of welding pressure in the selected L9 orthogonal array. 

L9 A B C D 
Welding pressure, Pw 

(MPa) 

1 1 1 1 1 508.05 

2 1 2 2 2 488.19 

3 1 3 3 3 541.66 

4 2 1 2 3 515.49 

5 2 2 3 1 526.67 

6 2 3 1 2 538.74 

7 3 1 3 2 467.43 

8 3 2 1 3 454.93 

9 3 3 2 1 463.15 

 
 

 

Fig. 15 Variance analysis for control factors. 
 
4. EXPERIMENTS OF HOT TUBE EXTRUSION WITH DESIGNED PORTHOLE DIE 

Using a 2000-ton extruder, hot extrusion experiments were conducted to validate 
the finite element simulation results and to obtain a sound product with an appropriate 
forming condition. The initial length and diameter of the billet MB8 are 200 and 178 mm, 
respectively. The inner diameter of the container is 188 mm. The container temperature 
is set as 420oC. Three kind of initial billet temperatures of 400, 390, and 370oC were 
chosen. The extrusion ratio is 24.9. A ram speed of 0.08 mm/s was adopted to avoid 
too high temperatures at the die exit, and possibly resulting in burning black on the 
product surface. On the other hand, a faster ram speed will lead to a larger peak value 
of the extrusion load, which may exceed the capacity of this extrusion machine. The 
other forming conditions for hot extrusion experiments are the same as those shown in 
Table 1 

Figure 16 shows the simulation extrusion load variation and the experimental 
maximum load. The maximum experimental extrusion load at temperature of 370oC is 
close to the capacity of the extrusion machine of 20 MN. At temperature of 400oC, the 
maximum experimental load is quite close to the peak value of the simulation load 
variation. 



  

The outlook of the extruded product is shown in Fig. 17. The diameter of the 
extruded product is about 130 mm. The average values of the simulation and 
experimental thicknesses at the welding part of the product is 2.58 and 2.60 mm, 
respectively, and the average values of the simulation and experimental thickness at 
the mid-point of the continuous part are 2.70 and 2.64 mm, respectively. The thickness 
at the welding part is smaller than that at the continuous part. Because of the deflection 
at the die bridge center in z direction and the deformation at the die bearing, the final 
product thickness distribution is slightly different from the designed value of 2.5 mm. 
The error between the simulation and experimental thicknesses is smaller than 3%. 

 
 

        

   Fig. 16 Extrusion load variations.          Fig. 17 Outlook of the extruded product. 
 
 
5. CONCLUSIONS 
 

An extension porthole die set for hot extrusion processes was designed to 
manufacture large-diameter thin tubes. Magnesium alloy MB8 was used as the billet 
material. The flow stresses of the billet were obtained by compression tests. A finite 
element simulation software DEFORM-3D was adopted to analyze the plastic 
deformation pattern of the billet inside the die cavity during hot extrusion process of 
magnesium alloy tubes. The effects of various forming parameters on the extrusion 
loads and stress distributions at the die bridge were discussed. With extrusion 
conditions of ram speed of 1 mm/s, bridge entry angle of 80o, porthole height of 110 
mm, and bridge width of 35 mm, the simulation results can meet the requirements of 
the maximum extrusion load smaller than 20 MN, the capacity of the extruder, and the 
maximum stress at the die bridge corner smaller than 1650 MPa, the yielding strength 
of the die material. The best geometric dimensions inside the welding chamber for the 
largest welding pressure obtained by Taguchi method are half-welding land width of 1.5 
mm, welding chamber height of 30 mm, welding chamber width of 50 mm, and bearing 
height of 6.25 mm. Experiments of hot magnesium tube extrusion using a 2000-ton 
extrusion machine for 7-inch billets were conducted. The maximum experimental load 
at temperature of 400oC is quite close to the peak value of the simulation load variation. 



  

The experimental thickness distribution of the extruded product is quite close to 
simulation results within an error of 3%. 
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