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Abstract

The paper presents the application of numerical simulations based on the Finite Element Method (FEM) for analyzing and opti-
mizing the extrusion processes of aluminum and lead. These processes are efficient methods for manufacturing critical machine
parts and metal components, ensuring excellent mechanical properties. A detailed analysis was conducted on the numerical
modeling of the impact of die taper angles on strain distribution and forming forces during co-extrusion. The study found that
a 45-degree angle provides optimal deformation conditions, minimizing extrusion forces and reducing the formation of dead
zones compared to a 90-degree angle. Numerical simulations, supplemented by technological trials under semi-industrial con-
ditions and image analysis involving the deformation of the coordinate grid, provided key insights into a material flow, strain
distribution, and force parameters. The results emphasize the importance of validating numerical models with semi-industrial
experiments to ensure accuracy and reliability, as assuming constant tribological conditions may not reflect actual process con-
ditions, including the formation of dead zones for angles greater than 45°. It was only through a thorough analysis of the actual
process and the introduction of variable friction coefficients for individual tools that a dead zone was achieved in the modelling.
The findings from this research can serve as the foundation for further optimization and adaptation of technological processes,
aiming to further enhance extrusion processes through the use of numerical simulations.
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1. Introduction include forging and the extrusion of components dedicat-

ed to critical machine parts (Lesniak et al., 2024). Extru-

In recent years, there has been a rapid development of  sionis one of the most economical methods among plastic
energy-efficient technologies for manufacturing high-  forming processes and serves as a primary technique for
quality products based on plastic forming processes, which ~ manufacturing tubes, rods, profiles, and machine parts
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from steel and non-ferrous metals. Extruded products
are characterized by excellent mechanical properties,
high dimensional accuracy, and clean, smooth surfac-
es. Industrial extrusion processes are crucial for pro-
ducing rods and tubes, which have broad applications
across various industries, ranging from automotive to
construction (Khalid et al., 2023). Aluminum, valued
for its lightness and corrosion resistance, is particu-
larly prized in the production of extruded components
for the aerospace and automotive industries. It is also
used in creating profiles with complex shapes and
excellent mechanical properties for various indus-
trial sectors (Zhang et al., 2012). Lead, on the other
hand, due to its density and ease of forming, is often
employed in the production of pipes and rods used in
applications such as radiation shielding and battery
components. The extrusion processes for lead require
precise control of parameters to ensure the appropri-
ate quality and strength of the final product (Soydan
et al., 2024).

Currently, numerical modeling based on mathe-
matical apparatus and new computational techniques
(mainly using FEM) that have developed rapidly
recently, as well as methods based on experimenta-
tion are used to design and analyze real plastic form-
ing processes, including extrusion processes (Madej
et al., 2015). The most important of these are physi-
cal modelling and simulation, as well as the physical
modelling of forging and extrusion processes (Vazques
etal., 2000). These methods can serve as an independent
tool in the design of plastic processing processes, tak-
ing into account both the shape and properties of the
final product. They can also collaborate with math-
ematical modelling, providing essential information
about the physical properties of the deformed materi-
al, boundary conditions, and structural changes, and
can act as a verification tool (Hawryluk et al., 2023).
The most crucial stage of design is the final verifica-
tion of the developed plastic forming process on the
actual material. The success of the designed plastic
processing methods largely depends on the skills and
experience of process engineers and technologists.
Therefore, in the case of designing and optimizing
existing processes, a comprehensive analysis of in-
dustrial aluminum (Brough & Jouhara, 2020) and
lead (Calim et al., 2023) extrusion processes through
the use of numerical modelling is essential because it
is crucial for the optimization of modern production
technologies. Numerical simulations play a crucial
role in the analysis and optimization of extrusion pa-
rameters, such as temperature, piston speed, and die
geometry (Chan et al., 2008). Numerical models also
enable the simulation of metal flow, which is crucial

for ensuring uniform stress distribution and minimiz-
ing material losses (Williams et al., 2002). Numerical
modelling can also help predict the impact of differ-
ent process conditions on the final properties of prod-
ucts, which is invaluable in designing new products
and optimizing existing processes (Campana et al.,
2010). Hence, the use of computer simulations us-
ing FEM enables the optimization of both the entire
plastic processing process and specific phenomena,
such as the shape of the dies used in extrusion pro-
cesses (Ji et al., 2023). It is also often assumed that
a significant part of the machining processes carried
out in engineering practice can be analyzed without
making major mistakes after assuming simplified
states of strain or stress, such as: plane strain state,
axisymmetric strain state, and plane stress state.
The adoption of such simplifications allows, on the
one hand, to shorten the calculation time, but on
the other hand, it may introduce additional errors for
inexperienced researchers, which may be difficult to
diagnose and interpret the obtained results (Chenot
etal., 2010).

It should be emphasized that the use of numeri-
cal modeling in the processes of aluminum and lead
extrusion contributes to increasing the innovative-
ness and competitiveness of enterprises (Donati et al.,
2022). This not only reduces costs, but also improves
the quality and durability of products, which is crucial
in the context of sustainable development and energy
efficiency (Liu & Miiller, 2012). In the future, fur-
ther development of numerical simulation techniques
may lead to even greater precision and efficiency of
extrusion processes, which is extremely important in
the dynamically changing industrial environment (He
et al., 2012). The introduction of new technologies,
such as machine learning and artificial intelligence,
can further improve modeling and optimization pro-
cesses (Negozio et al., 2024). By combining advanced
industrial analysis with modern modelling techniques,
it is possible to achieve a higher level of control over
production processes (Kochanski et al., 2024). This, in
turn, leads to increased product quality, reduced waste
and increased overall production efficiency through
automation and robotics (Hawryluk & Rychlik, 2022).
The introduction of innovative technological solutions
in extrusion processes lays the foundation for the fu-
ture development of the metallurgical industry and its
adaptation to global environmental challenges (Ober-
hausen et al., 2022). As extrusion and numerical mod-
elling technology continues to advance, it is possible
to create more advanced and complex products that
meet the growing demands of the market (Hu et al.,
2012). Therefore, the use of the entire spectrum of re-
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search methods based on CAD/CAM/CAE/RP (Yang
et al., 2002) and non-destructive tests (3D scanning,
thermal imaging measurements, etc.) and destruc-
tive tests (material and microstructural tests) as well
as various computational techniques based on FEM/
FVM is fully justified (Hawryluk et al., 2023). This
comprehensive approach allows for mutual verifica-
tion of research, which reduces the costs of industrial
verification, and on the other hand, allows for casier
and faster solution of many research problems, e.g. re-
lated to the correct implementation and optimization
of extrusion processes.

This work aims to apply the results of numeri-
cal modelling to analyze the influence of the die ta-
per angle on the distribution of strains and forming
forces in the process of co-extrusion of lead, as well
as to tune the parameters during numerical modelling
of aluminum extrusion and the formation of the dead
zone based on technological tests in semi-industrial
conditions.

2. Research subject and methodology
The analysis was performed on the co-extrusion pro-
cess for two materials: lead and aluminum, for which
a thermomechanical numerical model of extrusion in

a plane strain state was built. Co-extrusion in a plane
strain state is shown in Figure 1a.

a) a =30-90° {;\
I ‘

Punch h, =40 mm h, =30 mm
Sample ¢ v
| Dies

—[=80 mm——»

Fig. 1. The view of: a) forward extrusion in plane strain

state: / — initial sample length, /, — sample width, 4, — die

width, o — die angle; b) photo of the laboratory stand to

extrusion process in semi-industrial conditions: 1 — stamp,

2 —chamber, 3 —mold (die), 4 —device casing, 5 —load detector,
6 — hydraulic press

The research was divided into two main stages.
The first stage involved the forward extrusion pro-
cess of lead and the analysis of the effect of the con-
vergence angle. During the technological trials for
this process, the formation of a dead zone in the die
was observed, especially at large angles (above 45°),
which was not evident in numerical modelling.
Therefore, a second stage of research was conduct-
ed, focusing on fine-tuning the numerical model of
the co-extrusion process for aluminum. This was
based on the experience of co-extruding aluminum
using steel tools under semi-industrial conditions.
Figure 1b illustrates the experimental setup for
co-extrusion of both materials under semi-industrial
conditions (tools mounted on a press with a force of
2,000 kN, equipped with a force sensor with a range
of 1,000 kN). It was decided to choose these mate-
rials because, on the one hand, they represent two
groups of plastic working processes: Aluminum
formed at an ambient temperature is classified as
cold plastic working (material strengthening), while
extrusion of Pb at an ambient temperature is hot
plastic working. In turn, Al, due to its high immedi-
ate strength and corrosion resistance, is particularly
valued in the production of components for the aero-
space and automotive industries. On the other hand,
Pb, thanks to its density and ease of forming, is of-
ten used as a model material that simulates the hot
deformation of steel well, and as a target material, it
is intended for applications in radiation shields and
battery components.

3. Development of a numerical model

The thermo-mechanical mathematical model of the
extrusion process was developed using the Marc
Mentat 2015 software. MSC software allows for the
simulation of material forming processes, including
extrusion and analysis of structural changes during
cooling. The program also enables microstructure
analysis. For discretizing the deformable material,
1,200 quadrilateral Solid 11 (Quad 4) elements were
used. The model employed automatic remeshing, ad-
justing the number and distribution of element density
due to deformation and tool penetration. In the nu-
merical model of the reinforced aluminum extrusion
process, all tools — die, punch, and container — were
assumed to be rigid. The stress-strain curves for lead
and aluminum were inputted numerically for different
strain rates, determined in a uniaxial compression test
(Fig. 2). The chemical composition of both materials
is shown in Table 1.
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Fig. 2. The overview of flow true stress-strain curves for selected metallic materials,
representing different variants of metal forming processes: lead (hot forming), aluminum (cold forming)

Table 1. Chemical composition of used materials [%]

Al Fe Si Cu Mn Mg Zn Ti
>99.5 <0.40 <0.25 <0.05 <0.05 <0.05 <0.07 <0.03
Pb Cu Bi As Sb Sn Fe Zn
>99.97 <0.01 <0.01 <0.005 <0.005 <0.005 <0.005 <0.005

Boundary conditions were set to closely resemble
those of the actual process. The Coulomb friction model
was applied, with a constant friction coefficient of 0.05
for all tools, determined from a ring test. The follow-
ing heat transfer coefficients were used: for Pb — spe-
cific heat of 0.13 kJ/(kg'K) and thermal conductivity
of 36 W/(m'K); for Al — specific heat of 0.86 kJ/(kg-K)
and thermal conductivity of 240 W/(m'K). For steel
tools, the specific heat was assumed to be 0.46 kJ/(kg'K)
and thermal conductivity 305 W/(m-K). These are lit-
erature data that can also be found online (The Engi-
neering ToolBox, 2003).

4. Research results and discussion
4.1. Forward extrusion of Pb

The following sample geometry was assumed in numer-
ical modeling: initial length (/ = 80 mm), half-sample
width (1/2s, = 20 mm), and thickness (in plane defor-
mation state, g =20 mm). The punch speed in both the
numerical modelling and experimental trials was set at
1.2 mm/s.

The extrusion ratio was determined using the fol-
lowing formula:

0

A, 30x20 600

Extrusionratio = 4, _40x20 _ 800 =1.33

(1

where:

A, — cross-sectional area of the billet (before the process),

A

- cross-sectional area of the extrudate (after extrusion).

In order to shorten the calculation time, half of the
model was analyzed using the process symmetry. Fig-
ure 3a shows extrusion diagrams for the tool variant
with a die convergence angle of 30°. In turn, Figure 3b
shows an example photo of a deformed sample with
flow lines turned on (square mesh with a side of 5 mm),
which will allow for a comparison of the material flow
from numerical modeling with the experiment.

Figure 4 shows the von Misses stress distributions
(at the beginning and at the end of extrusion), while
Figure 4b presents the unit pressures of the extruded
material on the tool walls (die and recipient) for the
co-extrusion process of lead with a draft angle of 30° in
order to provide more comprehensive information on
the strength parameters.
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a) b)
5.640
5.079
4518
3.957
Sample 3.396
Punch
2.835
Die
Symmetry 2.274
1.713
1.152
0.590
Y 0.029
Fig. 3. Results of numerical simulations: a) scheme of co-extrusion of lead in plane strain state;
b) deformed sample with material flow lines
a) b) c)
32.380 182.000
28.803 164.000
25226 146.000
21.649 128.000
18.073 110.000
14.496 92.000
74.000
10.919
56.000
7.342
38.000
3.765
20.000
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Fig. 4. FEM results: a) distributions of the equivalent von Misses stress in the initial phase of the process; b) distributions of
the equivalent von Misses stress in the final phase of extrusion for a die taper angle of 30°; ¢) distributions of unit pressures in
the final phase of the process
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The presented results of numerical simulations
allow for the selection and development of an appro-
priate tool design for other processes carried out in
laboratory conditions. It can be seen that both the dis-
tributions of equivalent stresses and unit pressures are
not very high for lead extrusion, which is caused by
the low value of the yield strength of this material and
the relatively small reduction in the extrusion process.
On this basis, new extrusion dies can be made for oth-
er draft angles, assuming the same recipient. Based
on the initial models, their correctness was verified
through an experiment conducted under laboratory
conditions. Then, further numerical models were built
for different draft angles of dies (30°, 45° and 90°).
Figure 5 shows the distributions of equivalent plastic
strain and the material flow method for the analyzed
draft angles of the die.

Analyzing the strain distributions, it can be seen
that the greatest plastic strains occur for the right angle
of the die convergence. This may be due to the diffi-
culty in material flow near the dead zone located in the
corner of the die. The shearing of the material could
have forced the occurrence of large plastic strains in
the shear zone. In turn, analyzing the flow lines, it can
be seen that at the beginning of the sample, the lines
are the least deformed in the case of an angle of 90°
and vice versa for smaller angles. On the other hand,

a) b)
| 16.792 || 16.958
| 15.118 | 15.273
m 13.444 | 13588
11.771 - 11.902
10.097 10.217
8.423 8.532
6.749 6.847
5.076 5.162
3.402 3.476
1.728 1.791
0.054 0.105

in the subsequent areas (closer to the die eye), it can
be observed that the least deformed flow lines occur
for smaller angles of convergence (30° and 45°). The
greatest deformation—bends of the flow lines can be
observed for the right angle of the die convergence.
Such a way of material flow indicates an uneven dis-
tribution of strain-material flow, and it is unfavora-
ble because the extruded material is characterized by
a non-uniform degree of deformation, which trans-
lates into the material structure and its various prop-
erties along the length. Figure 6 shows the extrusion
forces as a function of the punch path for different
taper angles.

In the case of extrusion forces, it can be observed
that the average values of forces for the same condi-
tions in FEM are the lowest for the 45-degree angle,
while the highest average forces can be observed for
the right angle, where a dead zone is probably created in
the corner. Slightly higher forces are also observed for
the 30-degree angle of convergence, which is caused
by the longer die surface, which translates into greater
friction and, consequently, a slightly higher force. In
the case of numerical modelling, no clear dead zone
was observed, although, at angles higher than 60°, such
a zone should appear in the case of the laboratory ex-
periment, where a large dead zone should be expected
for the right angle.

¢)

26.188
23.572

20.956

18.340

15.724

13.108

10.492

7.876

5.261

2.645

0.029

Fig. 5. Comparison of the distributions of equivalent plastic strain in the final phase of extrusion together with the flow lines
for the analyzed die taper angles
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Fig. 6. Extrusion forces as a function of punch path for different die convergence angles obtained from FEM

4.2. Verification of the results of
the forward extrusion process
in semi-industrial conditions

In order to confirm the results of the numerical mod-
elling, the process of co-rotating extrusion in a plane
strain state was carried out. The starting material was
in the form of samples consisting of two cuboids with
dimensions of 10 mm x 40 mm % 70 mm made of lead.
A coordination grid with a side of 10 mm was applied
on the contact surface of both cuboids, which was used
to determine the strain distribution. The extrusion pro-
cess was carried out for the same three draft angles as
in FEM (30°, 45°, 90°) at a temperature of 22°C and
at a punch speed of 0.2 mm/s, which corresponded to
an average strain rate of 0.01 s™'. First, the numerical
modelling was verified for the extrusion process for
tools with a draft angle of 30°. A coordination grid with

a) b)

, L

a side of 5 mm was applied on the contact surface of
both cuboids (Fig. 7a), which was used to determine the
strain distribution using the ASUME program (Fig. 7b).

As can be seen, the obtained deformations are
uniform, and the material’s way is correct, resembling
a calm laminar flow, which results from good lubrica-
tion (tribological) conditions. The largest deformations
are located on the edges of the sample, where the mate-
rial flowed most intensively, which is also confirmed by
the bends of the grid lines. The smallest deformations
are located in the central part as well as in the initial
area of the sample — the beginning of the extrusion pro-
cess — the inner radius of the mesh (R ) is close to oo,
and there is a relatively small bending of the lines in
the outer part of the sample (R ). Figure 8 shows the
deformed coordination grids for the tested real materi-
als. Based on the macroscopic analysis, differences in
the flow method of individual materials were observed.

Effective Strain
75.0
724
69.7
67.1
645
61.8
59.2
56.6
538
513
48.7
46.1
434
408
382
355
328
303
2786
250

c)

Fig. 7. The view of: a) sample with a coordination grid for co-extrusion in a plane strain state; b) extruded Pb sample;
c) determined strain distributions on the surface using the ASUME program
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Fig. 8. Comparison of deformed meshes for samples deformed for different die draft angles; deformed sample for an angle of:
a) 30°; b) 45°; ¢) 90°

For a 30-degree taper angle (Fig. 8a), the material
deformation distribution is very uniform in the sample
cross-section. This is evidenced by the constant bending
of the coordination grid lines perpendicular to the ex-
trusion direction. In the case of a 45-degree taper angle
(Fig. 8b), the deformation is located mainly in the areas
close to the die. The radius of curvature of the coordina-
tion grid lines perpendicular to the extrusion direction
in the central part of the sample. However, in the case of
the radii of curvature of the lines at the outer walls of the
sample, the situation is reversed. The lead sample with

16.958
15.273
13.588
11.902
10.217
8.532
6.847
5.162
3.476
1.791

0.106

a right angle of the die taper (Fig. 8c) is characterized
by the most uneven flow pattern, as evidenced by small
bends of the coordination grid lines in the area of the
central part of the sample. The next stage of the study
involved comparing the flow patterns of deformed sam-
ples from numerical modelling and laboratory experi-
ments for different die taper angles, in order to verify the
FEM results under industrial conditions. Figure 9 shows
a comparison of the flow behavior of deformed samples
from numerical modeling and laboratory experiments
for different die convergence angles.

26.188
23.572
20.956
18.340
15.724
13.108
10.492
7.876

5.261

2.645

0.029

Fig. 9. Comparison of deformed meshes for samples deformed at 30° (a), 45° (b), 90° (c) angle convergence of die
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Fig. 10. Comparison of extrusion forces as a function of punch path for different die convergence angles
between FEM and experimental results

Analyzing the above comparisons of FEM results
and laboratory experiments, one can observe very large
similarities in the way in which the material flows.
Some differences may result from, for example, the
inaccurate production of lead samples or careless ap-
plication of coordination grids, which, in relation to
numerical models (nearly ideal geometrically), may be
the cause of discrepancies. Another issue is the tribo-
logical conditions, which also significantly determine
the deformation of the material. It is essential to note
that during the laboratory extrusion process, the tribo-
logical conditions change dynamically and may differ
significantly from those assumed in numerical model-
ling. Figure 10 presents comparisons of extrusion forc-
es obtained from FEM and from experimental tests.

In the case of the analysis of the force curves be-
tween FEM and experiments, a high level of agreement
can be observed, although some shifts can be seen at
the beginning of the process and in the final phase. The
differences in the initial force range most likely result
from the mismatch of the samples used in the experi-
ments (differences in dimensions in relation to the re-
cipient). In turn, the differences in the final range re-
sult from the fact that the experiments were carried out
at ambient temperature, and the ambient temperature
is the temperature of plastic heat treatment. This can
cause the lead to weaken, which is manifested by a de-
crease in force at the end of the process. In turn, when it
comes to the extrusion force curves for different angles,
the lowest force values can be observed for an angle
of 45°, both for the FEM results and the results from the
experiments. The highest values occur for right angles
in both cases. However, when it comes to the greatest
plastic deformations, the highest values appear for right
angles. The extrusion force in the case of the process
carried out in real conditions for a convergence angle

of 90° is at a slightly higher level. For such deforma-
tion conditions, the obtained course of the extrusion
force is about 10% higher than for the numerical model.
Presumably, the reason for these differences was the as-
sumption of a constant value of the friction coefficient
for all tools in the mathematical modelling process. In
the real process, probably as a result of high pressures
and rupture of the lubricant film in the area of the die
cavity, a discontinuity of the lubricant layer appears, and
the friction coefficient reaches values higher than 0.05,
as assumed in the modeling. Additionally, the material
moved on the die surface in the mathematical model-
ling, while a small dead zone was observed to form in
the die corners in the real process. It should be clearly
emphasized that no dead zone was observed in the die
corners in the numerical modelling. Only for the 90° an-
gle, based on the “flow lines”, can the accumulation and
overlap of the flow lines be observed. However, this is
not an obvious dead zone, which should have appeared
already at angles greater than 45°.

4.3. Forward extrusion process of aluminum

To highlight and identify the dead zone, the next stage
involved building a numerical model for the co-rotating
extrusion of Al and conducting verification tests under
semi-industrial conditions. Numerical modeling was
carried out for the Al alloy for a die convergence angle
of 60°, which is different than for lead extrusion. This
convergence value was adopted due to the fact that dur-
ing Pb extrusion, for angles greater than 45°, a dead zone
should appear, which was not observed in numerical
modeling. Numerical simulations were conducted to cre-
ate a dead zone during numerical modelling and to bet-
ter characterize it. The stress-strain curves of aluminum

2025, vol. 25, no. 2
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have been presented in tabular form, providing data for
various strain values, strain rates, and temperatures. As
in the case of numerical modeling of concurrent extru-
sion of aluminum, a constant friction coefficient of 0.05
for different tools was assumed (Fig. 11). In the actual
physical process, due to improper lubrication, disconti-
nuities in the lubricant layer may occur in the die area,
leading to significantly higher friction coefficients.

e

No dead
zone

SREs

i

Small dead
zone

- o — —— T —
-

%

Fig. 11. The material flow pattern obtained from the finite
element method (FEM) is represented as a special mesh,
known as ‘flow lines’, as well as in the actual process

Moreover, the friction conditions are identical
for all tools. The insertion forces as a function of dis-
placement differed by about 20% under these friction
conditions (Fig. 11a). Therefore, further numerical sim-
ulations were conducted at higher friction coefficient
values. Ultimately, a similar material flow pattern and
extrusion force profile were obtained in both the math-
ematical model and the real process when different fric-
tion coefficients were applied to each tool. A coefficient

Percent True Values
Effective Strain
69

622
548
474
40.0
325
2541

of 0.05 was used for the punch, 0.1 for the container,
and 0.25 for the die. Figure 12b shows the force pro-
files as a function of punch travel for the new friction
conditions in mathematical modelling and for the real
process, demonstrating significant agreement.
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Fig. 12. Comparison of forces: a) the course of extrusion force

as a function of punch travel for the real process and that

obtained from the numerical model; b) extrusion forces

as a function of punch travel for the real process and that

obtained from the numerical model after correcting the
friction coefficient

For a more comprehensive analysis, both the sim-
ilarity in material flow and the strain distribution were
evaluated using the ASAME image analysis program
and results obtained from FEM (Fig. 13).

Fig. 13. Equivalent strain distributions obtained from the finite element method (FEM)
and determined using the ASAME program for the actual process
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Fig. 14. The FEM results of the strain rate distributions (upper) and displacement vectors (bellow) for:
a) variant [ — a constant low friction coefficient of 0.05; b) variant II — different friction for tools
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As can be observed, tuning the numerical model by
adjusting the tribological conditions (introducing different
friction coefficients for various tools) resulted in very simi-
lar deformation of the coordinate grids and distributions of
plastic deformation in both cases. The conducted research
has shown that it is essential to check and verify boundary
(tribological) conditions during the design and analysis of
plastic forming processes, in this case, extrusion.

In order to conduct a deeper analysis of this phe-
nomenon, numerical modelling was performed for the
forward extrusion process with a die convergence angle
0of 90°, a small and uniform friction coefficient of 0.05
for all tools, as well as for higher friction coefficient
values (0.1 for the punch, 0.1 for the container, and
0.25 for the die). In Figure 14, the strain rate distribu-
tions and displacement vectors are shown for two se-
lected variants.

An analysis of the obtained results, particular-
ly the displacement distributions, reveals that a small
dead zone forms in the corner at low friction values.
This zone becomes significantly more pronounced at
higher friction coefficients (Fig. 14b), as highlighted
by the red ellipses. This confirms that for low friction
conditions, the dead zone is virtually negligible or not
observed at all (Fig. 14a). In the real process, due to
improper lubrication, discontinuities in the lubricant
layer may occur in the die area, leading to significantly
higher friction coefficients.

5. Summary and conclusion

This study addresses a crucial issue related to the impact
of die convergence angles in the concurrent extrusion pro-
cess. Numerical modelling of the process has provided
significant insights into various aspects, including forg-
ing forces, plastic deformations, equivalent stresses, and
material flow. Subsequent laboratory experiments con-
firmed the assumptions made in the Finite Element Meth-
od (FEM) modelling. The numerical modelling yielded
valuable information that facilitated the selection and de-
velopment of appropriate tool designs for other processes
conducted under laboratory conditions. Additionally, the
comprehensive research and development work conduct-
ed underscores the need to verify initial boundary condi-

tions in numerical modelling when analyzing, designing,
or optimizing industrial material forming processes.

Based on the research conducted, the following
key conclusions can be drawn:

— The analysis of strain distribution (minimal strains)
and flow lines based on FEM and experiments in-
dicate that the most optimal material deformation
conditions occur at a 45-degree angle.

— In terms of extrusion forces, it is observed that the av-
erage force values for different convergence angles are
lowest at a 45-degree angle, while the highest average
forces are observed at a right angle. This is consist-
ent in both numerical modelling and semi-industrial
tests, where a dead zone likely forms in the corner.

— Utilizing digital image analysis programs allows
for rapid comparison of results obtained from nu-
merical modelling with the actual process.

— When comparing coordination grids from mod-
elling with flow lines of deformed metals (lead
and aluminum) obtained from the ASUME pro-
gram, a high degree of consistency in results was
achieved, confirming the validity of the research
conducted and the assumptions made in FEM.

The conducted research showed great potential
for using numerical techniques to analyze and improve
extrusion processes. However, as the research showed,
adopting certain simplifications in the model or having
low experience as an engineer or technologist may result
in obtaining incorrect results. The obtained results show
the need to validate numerical models through semi-in-
dustrial experiments or other methods, such as physical
modelling, to ensure their accuracy and reliability. As-
suming constant tribological conditions may not reflect
the actual process conditions, including the formation
of dead zones for angles greater than 45°. Through de-
tailed analysis of the actual process and material flow,
variables and different friction coefficients, other than
originally assumed, were introduced for each tool. Only
then was the dead zone achieved in the modelling. The
results of research works using FEM can also be applied
to more advanced analyses, such as the detection of po-
tential defects in the forming process, and may also be
used in the future for analyzing the durability of tools
and equipment in forging and extrusion processes.
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