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Fig. 1. Illustration of charge weld formation in billet-to-billet extrusion.

reducing the amount of scrap material. At the same time, it is required to maintain high quality standards, whereby it
is important to detect and remove sections of profiles damaged by surface or internal defects. While the profiles can
be visually inspected for any type of surface failures (e.g. streaks, hot spots, blisters), the latter (e.g. center bursts or
the charge weld) require intensive experimental analysis as cross sections of the profile are often required in order to
spot them.
The charge weld is the non-bypassable defect (both for full and hollow geometries) that is produced when a billetto-billet extrusion is applied. As a billet cycle is terminated and the punch reaches the predetermined butt-length (Fig.
1(b)), the punch is moved back to the start, the billet-butt sheared off and a new billet is loaded in the container (Fig.
1(c), (d)). The process restarts and material from the new loaded billet starts flowing inside the die, joining the material
from the previous billet. As the process continues the material from the two different billets weld together inside the
die and flows into the extrudate (Fig. 1(e)). The front and back surfaces of the billets can contain a layer of oxides and
impurities which contribute to a non-complete welding of the two materials, further reducing the mechanical properties
of the product. As shown in the research of Bakker et al. [1], the mechanical strength of the product within the charge
weld section of the profile decreases as the transition of the charge weld increases, until a transition point where the
oxide particles become less concentrated. From this point onwards, the mechanical strength increases, until, ultimately,
it is restored as the charge weld transition is completed.
As the charge weld can develop over a length of many meters, efforts have been made to thoroughly analyze how
this can be minimized. The main reason for the evolution of the charge weld inside the profile has been attributed to
the discharge of material from the dead metal zones: the faster material is removed, the shorter the charge weld will
be, Li et al. [2]. Furthermore Li et al. found a correlation between the shape of the corners of the die and the length of
the charge weld, as these influence the rate at which the material from the dead metal zones is discharged.
Hatzenbichler et al. investigated a cylindrical shaped full profile though FE-analysis with the commercial software
Deform2DTM, where the charge weld analysis could have been analyzed with an integrated particles tracking. The
results showed that the main parameter for a charge weld elongation reduction is the pre-chamber diameter, whereby
through a reduction of the latter, the charge weld elongation can be reduced [3].
Regarding the extrusion and charge weld analysis of hollow profiles, Reggiani et al. carried on both experimental
and numerical analysis (by means of the commercial software HyperXtrude®) of the charge weld evolution within an
industrial hollow profile. The research showed a significant influence of the feeding port dimension on the charge
weld evolution [4].
Chen et al. [5] investigated numerically (by means of HyperXtrude®) the effects of the billet diameter, ram velocity,
tool temperature and billet temperature on the charge weld evolution within a hollow profile. In the analysis, the
authors analyzed the impact of each parameter through a Taguchi design of experiments and an S/N ratio analysis with
the smaller-the-better statistics. The results showed that, between the chosen parameters, the most significant are the
billet diameter and the ram velocity, while the temperature of both the billet and the tool showed a smaller impact.
It is the intention of this study to analyze the effects of geometrical changes to a porthole die in order to minimize
the charge weld evolution, reducing the amount of scrapped material during the extrusion of hollow profiles. The
effects of a change in the length of the welding chamber, in the length of the portholes and the size of the portholes
have been numerically investigated through an industrial Al-alloy AA6060 profile.
A particle-tracking algorithm has been implemented in the special purpose FEM-Code PF-Extrude, based on a special
ALE-meshing method [6]. In comparison to other methods, e.g. moving mesh or volume tracking methods, a particle
tracking has the advantage of having no numerical diffusion, which could modify the actual position and shape of the
charge weld evolution.
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Nomenclature
ALE
DMZ
DOE
FEM
S/N

arbitrary lagrangian eulerian
dead metal zone
design of experiments
finite element method
signal to noise

2. FE Model
2.1. Extrusion tools
The industry example profile that has been used for the purposes of this study is being manufactured by means of
a two-hole porthole die setup (Fig. 2(a)), whereby the same profile is being produced simultaneously. Because of this
characteristic, a symmetry plane has been introduced (Fig. 2(b)) such that only half of the model can be simulated in
order to save computational time.
The tools have been prepared with the commercial software HyperMesh®: the material flow volume has been
retrieved from the negative volume of the 3D geometries of the die. Further, the retrieved surfaces have been divided
into three different components of the die: the portholes, where the material from the billet is divided into different
streams. The welding chamber, the section of the die where the material from the portholes welds together. The bearing,
where the material velocity profile at the outlet of the die is corrected by changing the contact length with the material.
Moreover, a free surface representing the extruded material has been generated by extending the outline of the internal
and external bearing lines. The front face of this free surface is the profile section and has been positioned close to the
bearing (see Fig. 2(b)).
2.2. Material modeling
The profile in question has been manufactured with the Al-alloy AA6060. The material data have been retrieved
by means of dilatometer tests, whereby compression probes of the material have been tested at different temperatures
and compression rates. The measured experimental data have been fitted with the Zener-Hollomon equation modified
by Tong et al. [7] (Eq. (1)) in order to retrieve the yield behavior of the material. The retrieved fitting parameters are
listed in Table 1.

 Q  m
k f (T , ε, ε ) = C ⋅ exp
 ⋅ ε ⋅ (1 − b ⋅ exp(− N ⋅ ε )).
 R ⋅T 

Fig. 2. (a) CAD model of extrusion geometries set-up; (b) material flow volume.

(1)
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Table 1. Fitting parameters of Zener-Hollomon modified by Tong for aluminium alloy AA6060.
C [MPa]

Q [J/mol]

m [-]

b [-]

N [-]

0.2704

28078

0.1362

0.0992

4.7260

2.3. Friction modeling
An optimal description of the frictional behavior is necessary for the realistic representation of the charge weld
evolution. Reggiani et al. [4] investigated the effects of different friction models comparing numerical results of the
charge weld development with experimental data. For the purposes of this study, the T-v-p model by Becker [8] has
been used: the friction behavior is based on a Hockett-Sherby approach, computing the shear stress as a function of
pressure, velocity and temperature (Eq. (2)). The values of 𝜏𝜏𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 𝜏𝜏𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 are calculated through the equations Eq. (3).


  p  n   v  k  T
τ (T , v, p) = τ max − (τ max − τ min ) exp − q     
  p 0    v 0   T0


τ max =

k f (T , ε = 1000, ε = 0.2)
3

m


 .


(2)

,τ min = 0.2 ⋅ τ max .

(3)

Tribo-Torsion tests have been carried on in order to retrieve the fitting parameters of the model. The resulting
parameters from the experimental analysis can be found in Table 2.
Table 2. Fitting parameters of T-v-p friction model.
q [-]

n [-]

k [-]

m [-]

p0 [MPa]

v0 [mm/s]

T0 [°C]

9.683

1.205

0.005

0.875

100

50

660

3. Methods
3.1. Description
The particle-tracking algorithm has been integrated within the stationary solution of the simulation. The stationary
state represents the material flow within the die assuming a fully homogenized velocity field at the outlet of the die,
whereby all the nodes of the profile section of the free surface assume the same velocity 𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒 :

v exit = v profile = ER ⋅ v punch =

Acontainer
⋅ v punch .
A profile

Fig. 3. (a) Tools; (b-c) positioning of particles; (d) particle-tracking; (e) new material filling the profile section.

(4)
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where 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 represents the extrusion ratio and 𝑣𝑣𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝ℎ the velocity of the punch.
As the solution converged and the velocity field of the material has been retrieved, particles are uniformly
positioned at the bottom of the die next to the portholes (Fig. 3(b), (c)). These particles represent the front face of the
newly loaded charge in the container. Further, these particles are released and tracked within the simulated velocity
field (Fig. 3(d)). The movement of the particles simulates the material from the new billet flowing within the die and
ultimately into the profile. As these exit the mesh of the free surface, the particles are assumed to continue at the
constant velocity 𝑣𝑣𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒 . While the simulation continues, the particles fill the profile section of the extrudate,
whereby the 2D elements of the profile section that have been crossed by a particle are marked (Fig. 3(e)). The sum
of the areas of the crossed elements represents the area filled by the new material. It is, therefore, crucial to choose a
representative element size for the discretization of the profile section, as this represents the minimal surface layer of
material from the previous billet allowed on the surface of the extrudate. In the industrial example, discussed in this
paper, a minimal edge length of 0.5 mm has been chosen.
3.2. Particle-tracking algorithm
As the particles are positioned at the inlet of the die, close to the portholes, their position is referenced through the
elements of the FE-mesh. The position of each particle inside the respective enclosing element is calculated through
barycentric coordinates. Given a tetrahedron of vertices V0, V1, V2, V3, and an enclosed particle P, which divides
the geometry into four smaller tetrahedrons (see Fig. 4(a)), the four barycentric coordinates 𝜉𝜉𝜉𝜉𝑚𝑚𝑚𝑚 are defined as:

ξ i =1, 2,3, 4 = Vt

i =1, 2 , 3 , 4

Vtot ,

(5)

whereby 𝑉𝑉𝑉𝑉𝑚𝑚𝑚𝑚 represents the volume of one of the four smaller tetrahedrons and 𝑉𝑉𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 the total volume. As the position of
each particle has been referenced, the velocity vector can be interpolated from the nodes of the enclosing tetrahedron.
Mahmoodkhani et al.[9] described a velocity field integration scheme in 2D (see Fig. 4(b)): consider a particle at time
𝑡𝑡𝑡𝑡 at the position A, if the interpolated velocity vector at the position A would have been applied to the particle, this
would land at the time 𝑡𝑡𝑡𝑡 + Δ𝑡𝑡𝑡𝑡 at the position B’(which would be off-trajectory). To correct this error, first, the position
M is retrieved after an integration of the velocity ����⃗
𝑣𝑣𝑣𝑣𝐴𝐴𝐴𝐴 over the time step Δ𝑡𝑡𝑡𝑡/2 (Eq. (6)). At the position M the velocity
�����⃗
is
interpolated
and,
further,
applied
to
the
particle at the starting position A (see Eq. (6)).
vector 𝑣𝑣𝑣𝑣
𝑀𝑀𝑀𝑀

Fig. 4. (a) Tetrahedral element enclosing a particle; (b) position integration scheme.

With this integration scheme, a better approximation of the true landing point B can be retrieved. This method has
been expanded for 3D cases and applied to the particle-tracking algorithm.

xi , M = xi , A (t ) + v A ⋅

∆t
, xi , B = xi , A (t ) + v M ⋅ ∆t.
2

(6)
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Fig. 5. Illustration of total length to be discarded due to charge weld evolution.

The particle-tracking algorithm enables the analysis of the charge weld evolution. Once the particles reach the
profile section, they continue to flow in extrusion direction with a constant velocity, as the material in reality would
after leaving the die. The distance between the first particle that crosses the profile section and the bearing line, once
the profile section has been filled with material from the new billet, represents the length of the charge weld. Though,
in reality, the section of profile that will be discarded is the distance between the skid-mark (the mark left by the
bearing on the profile, as the punch is stopped to allow a billet change) and, optimally, the section of the profile
completely filled by new material. For this reason, the considered length in this study is the distance from the skid
mark, which represents the length of extruded profile from the beginning of the simulation, up to the moment when
the particle-tracking algorithm recognizes a complete filling of the profile section (Fig. 5).
The number of particles created for all the simulations of this study has been 180000, which delivered stable and
consistent results.
4. Design of experiments
The geometry of the die has been modified to analyze the effects on the charge weld evolution. The considered
geometrical parameters are: the length of the portholes 𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 , the length of the welding chamber 𝑙𝑙𝑙𝑙𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 (Fig. 6 a) and the
size of the portholes. Specifically, the ratio between the section of the container and the section of the portholes
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐵𝐵𝐵𝐵𝑃𝑃𝑃𝑃 = 𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝 /𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝 has been gradually changed by offsetting the outer surfaces of the channels (Fig. 6 b). The different
levels of analysis of the geometry are listed in Table 3. The temperature of the billet and the punch velocities have
been also taken under consideration in order to have a comparison between the effects of the applied geometrical
changes and the effects of the process parameters changes to the charge weld evolution. This allows the comparison
between the impact on material savings due to a die design change, before this has been manufactured, and those due
to a process parameter change during the actual extrusion process after the die has been already produced.
Table 3. Design of experiments for charge weld elongation analysis.
Parameter

Level 0

Level 1

Level 2

Level 3

Level 4

Length of portholes 𝑙𝑙𝑙𝑙𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 [𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚]

50

55

60

65

70

Length of welding chamber 𝑙𝑙𝑙𝑙𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 [𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚]

24.5

30

35

40

45

5.8

6.4

7.1

7.9

9.0

Billet temperature 𝑇𝑇𝑇𝑇𝐵𝐵𝐵𝐵0 [°C]

475

480

485

490

-

Punch velocity v𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ [𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚/𝑠𝑠𝑠𝑠]

4

5

6

7

-

Ratio 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐵𝐵𝐵𝐵𝑃𝑃𝑃𝑃 [−]

Fig. 6. (a) Welding chamber and portholes length; (b) portholes size.
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5. Results and discussion

Fig. 7. Charge weld filling (blue) and number of particles leaving die (orange) over extruded distance for level 0 die.

The charge weld evolution could have been displayed, through the implemented particle-tracking algorithm. All
the simulations run on six Intel Xeon CPU E5-2697 v3 cores with 64 GB RAM. The level 0 simulation, counting a
total of 1’992’942 elements reached the stationary solution in 41 minutes and the charge weld analysis through the
particle tracking algorithm lasted 10 minutes.
In Fig. 7, it is possible to observe the reached filling of new material over the distance from the skid mark (the
extruded profile length after a billet change). An advantage of the particle tracking algorithm approach is the
possibility of a discrete charge weld elongation analysis: the number of particles crossing the profile section at every
time increment has been recorded (Fig. 7). It can be seen that the number of particles increases when a new flux of
material from a different porthole joins the filling process, while it decreases as the filling process continues.
Ultimately, the number of particles will continue to decrease, after the material from all portholes joined the filling
process, until only some particles discharged from the DMZ are still crossing the profile section.
In general, the results (Fig. 8) showed a clear major impact (in the charge weld minimization) of the geometrical
parameters over the process parameters. This shows an important opportunity for material savings already within the
die design process. Specifically it can be seen that, between the analyzed levels, a reduction of the size of the portholes
inlet, increasing therefore the 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐵𝐵𝐵𝐵𝑃𝑃𝑃𝑃 ratio, accounted for a reduction of the profile length to be discarded by 19.3%.
An increase in length of the portholes and of the welding chamber resulted in an increase of the discarded length by,
respectively, 23.6% and 18.3%. An increase of both process parameters, the initial billet temperature and the punch
velocity, showed an increase of the discarded length in both cases of 5.8%.
An analysis of the velocity field inside the tools (Fig. 9) showed that an increase of the ratio 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐵𝐵𝐵𝐵𝑃𝑃𝑃𝑃 resulted in an
increase of the velocity field within the die, resulting in a decrease of the residence time of the material in the tools.
The effect can be explained through the extrusion ratio of the profile, defined as 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 /𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑒𝑒𝑒𝑒 . The
geometry of the profile remained unchanged between all the die variations and, since the container diameter (therefore
the 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸) and the punch velocity have been hold unvaried as well, the velocity of the profile at the outlet of the die
remained unchanged (Eq. (4)).

Fig. 8. Simulation results: lengths measured from the skid mark to be discarded.
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Fig. 9. Simulation results: velocity field within the tools for the different die geometrical changes.

As the mass constancy must be respected and the outlet velocity is fixed by the chosen punch velocity and ER, the
material flux within the die must increase. An increase of the welding chamber length showed on the other hand a
decrease of the velocity magnitude within the portholes, while an increase of the length of the portholes showed small
changes to the velocity field. These last geometrical changes produce an increase of the residence time of the material
from the new billet in the die, reducing the exhaustion speed of the material from the previous charge. Although a
reduction of the charge weld evolution is achievable by decreasing the length of the welding chamber and of the length
of the portholes, these are often decided by structural and geometrical constraints of the die. Therefore, a reduction in
size of the portholes inlet represents a decisive parameter to reduce material scrappage due to the charge weld. As the
results showed positive effects on the charge weld evolution, in outlook, this shall be analyzed in conjunction with the
evolution of the skin-effect, whereby oxide-particles flow into the extrudate, increasing the amount of scrap material.
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