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Abstract. Friction Stir Extrusion, Direct Extrusion and Indirect Extrusion are all valid processes for
the production of round extrudates. However, differences and similarities between them have yet to
be analyzed by the scientific community, since with the same geometry, each technology instills
specific properties to the extruded product. In this context, the present work presents an in-depth
analysis via QForm UK Finite Element Method software of the effect that each process has on a
AA6061 extruded wire. Various combinations of rotational speed (200, 400, 600 rpm), feed rate (1,
2, 3, 4 mm/s) and pre-heating temperature (450, 500°C) were analyzed to assess differences and
similarities between the different processes.

Introduction

In the production of extrudates, numerous technologies can be employed, from conventional Direct
Extrusion (DE) and Indirect Extrusion (IE), to the novel Friction Stir Extrusion (FSE) process.
Developed by The Welding Institute (Cambridge, UK) in 1993, FSE is gaining increasing attention
for its solid-state recycling capabilities and high energy efficiency [1]. This technology employs a
rotating tool in combination with a die. The frictional heat generated during processing softens the
workpiece material, which is subsequently forced through the die to form an extruded profile [2]. The
primary process parameters in FSE are the rotational speed and the feed rate, together with the tool
geometry [2,3]. The intense thermomechanical conditions experienced during the process promote
significant microstructural evolution, which may result in enhanced overall mechanical properties
[4]. Another distinctive feature of FSE is its ability to produce extruded components not only from
solid billets but also from alternative feedstock materials such as chips or powders [5]. The
macroscopical mechanical properties of a material derive from its microstructure, which is affected
by a variety of factors. For instance, hardness, yield strength and ultimate tensile strength are
correlated with grain size, dislocation density and element distribution within the alloy [6]. Especially
in high-temperature processes such as FSE, predicting microstructure evolution is a complex task.
Thus, an in-depth study of the physical characteristics of each process is fundamental to obtain the
desired mechanical properties for a given application.
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Among aluminum alloys, those of the 6xxx group (Al-Mg-Si alloys) compose the majority of
extruded components, due to their high formability and low cost [7,8]. AA6061 (AIMg1SiCu) is one
of the most widely known alloys, for its ability to be age-hardened thanks to the precipitation of the
-Mg>Si phase from a supersaturated solid solution [9,10]. Thus, AA6061 was chosen as the subject
material for this study.

DE and IE have been subjected to a wide number of studies, both experimental and numerical,
devoted to process optimization, in terms of waste, microstructure, die cooling, properties of the
extruded profile, and defects. For instance, Pelaccia et al. [11] have researched the potential of liquid
nitrogen cooling in the extrusion of AA6063 and ZM21 alloys, through experimental and numerical
analyses, obtaining excellent results and a valid numerical model able to predict the experimental
outcome with temperature errors below 8% and load errors below 11%. In another study, Kniazkin
atal. [12] analyzed the billet skin defect with the software QForm UK, validating the predictive model
via experimental studies. They showed a good numerical-experimental match, and reduced simulation
time with respect to prior studies. Negozio et al. [13] introduced a novel AA6063 recrystallization
model, performing calibration and validation via experimental analysis and numerical FEM
simulations using the software QForm UK. The authors accurately modelled the static and dynamic
recrystallization behavior, with prediction errors remaining always below + 25%. In another study,
Negozio et al. [14] predicted grain size and Peripheral Coarse Grain defect formation, combining
empirical microstructural observations and data from FEM simulations to train an Artificial Neural
Network (ANN), demonstrating increased prediction accuracy compared to state-of-the-art analytical
models, and potential for tailoring process parameters to achieve desired microstructure in an actual
manufacturing environment.

On the other hand, not much research has been devoted to the understanding and optimization of
the FSE process, demonstrating the need for further analysis. Bocchi et al. [15] investigated the
recrystallization mechanism and bonding phenomenon within the FEM software DEFORM 3D,
applying a recrystallization model originally developed for conventional extrusion. They found their
models to accurately predict process kinetics, including bonding and microstructure evolution.
Negozio et al. [16] developed a robust model for predicting bonding phenomena and recrystallization
occurring during the FSE of AA6061 powder. Validation was based on an experimental campaign in
which AA6061 powder was FSEed at different rotational speeds and feed rates. In another study, Li
et al. [17] reported the effect of process parameters such as extrusion force and feed rate on
deformation behavior of aluminum alloys during FSE. Material flow patterns were obtained and
correlated with extrusion temperature, emphasizing the importance of strain for both bonding
condition and process optimization. In a similar work, Li et al. [ 18] analyzed material flow in AA6061
alloy thanks to the introduction of a AA2195 marker, showing that deformation behavior is highly
affected by extrusion force and feed rate. Zhang et al. [19] performed heat transfer and temperature
field analyses during the FSE of AA6061, developing a numerical model that correctly predicts
temperature variations within the workpiece. Diyoke et al. [20] have performed a finite element
analysis (FEA) on FSE and conventional extrusion, to assess the effect that friction condition has on
shear, material flow and the consequent thermo-mechanical condition. The numerical results showed
a reduction in extrusion force in FSE compared to conventional extrusion, together with
homogeneous grain refinement in the case of sticking friction condition. However, to the authors’
best knowledge, no further research has focused on the numerical comparison between FSE and
conventional extrusion for the AA6061 alloy.

In this context, the present paper presents an in-depth numerical analysis of FSE, DE and IE within
the software QForm UK, in terms of extrusion temperature, strain and strain rate evolution during the
extrusion of a round AA6061 workpiece. By varying rotational speed, feed rate and DE/IE billet pre-
heating temperature, several conditions have been studied to provide a sufficiently large dataset.

Procedure

The Computer Aided Design (CAD) model is displayed in Fig. 1. This model was already proposed
by Negozio et al. [16]. The FEA was carried out using the software QForm UK, in order to simulate



Key Engineering Materials Vol. 1048 27

FSE, DE and IE processes. The FSE simulations were conducted by varying the rotational speed of
the container (200, 400 and 600 rpm) and the die feed rate (1, 2, 3 and 4 mm/s), as summarized in
Table 1. No pre-heating temperature was imposed, since in FSE the material heating is related to the
frictional and plastic dissipation rather than from external thermal input [2]. The DE and IE
simulations were performed using the same feed rates adopted for the FSE cases. The main distinction
for DE lies in the definition of tool kinematics, as in direct extrusion the material flow is driven by
the ram motion, which directly imposes the extrusion speed. Both the DE and IE presented no
rotational speed and billet pre-heating temperatures of 450 and 500 °C (Table 2).

CONTAINER

rotation (FSE)

feed rate (DE) feed rate (FSE, IE)

WORKPIECE

Fig. 1. CAD model used for the simulations, with the main process parameters and dimensions

displayed.
Table 1. Process parameters used for FSE simulations.
Parameter Value
Rotational speed [rpm] 200, 400, 600
Feed rate [mm/s] 1,2,3,4
Feedstock temperature 20°C (room temperature)

Table 2. Process parameters used for DE and IE simuations.

Parameter Value
Extrusion mode direct, indirect
Feed rate [mm/s] 1,2,3,4
Pre-heating temperature [°C] 450, 500

The AA6061 material properties were calculated according to the Qform UK database. These
properties were determined through linear interpolation of the AA6061 parameters at 20 °C and
500 °C, as reported in Table 3. The die and the container have been considered as rigid bodies made
of AISI H13 steel, whose properties have also been taken from the software library.

Table 3. Properties of AA6061 at 20 and 500°C, used for linear interpolation.

Property Value at 20°C Value at 500°C
Density [kg/m’] 2705 2592
Thermal conductivity [W/(m-K)] 185 237
Thermal expansion [1/°C] 221 E-5 2.80 E-5
Specific heat [J/(kg - K)] 898 1020
Young’s modulus [MPa] 72000 46000

Poisson’s coefficient 0.33 0.36
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The flow stress (a7) was calculated using the Hensel-Spittel equation (Eq. 1).
oF = A-eM1T . g—mz, g—m3, em4/5 . (1 + g)mS'T .eMre.gmgT  TMmg , (l)

where ¢ is the true strain, € the true strain rate, and T the absolute temperature. The coefficients A,
m,;—mg are material constants, whose values have been taken from [16] (Table 4).

Table 4. Coefficients used in the Hensel-Spittel equation. [16]

Coefficient Value
A [MPa] 5179.35
my [K] -0.0065

m, 0.0054
mg -0.2285
my -0.0002
ms [K] 0.0014
m; -0.6683
mg [K] -0.0005
my 0

In the FSE model, friction between tools and workpiece was modeled according to Levanov’s
formulation (Eq. 2), in which the tangential stress (7) is calculated as a combination of Coulomb’s
and Siebel’s models:

r=m- L (1= o), )

where o5 is the flow stress, g, is the normal stress, and m, n are the friction and Levanov’s
coefficients, respectively, for FSE (Table 5). In DE and IE, the friction parameters were taken from
[14], where a sticking condition is assumed between the workpiece and the die, the ram and the
container, and Levanov’s model is applied for the profile interaction with the bearing section (m =
0.3, n = 1.25). The thermal parameters were taken from [21], and are reported in Table 6.

Table 5. Coefficients for Levanov's friction model.

Coefficient Value
m 0.6
n 1.25
Table 6. Thermal parameters of the AA6061 workpiece [21].
Coefficient Value
Tool-workpiece heat exchange coefficient [W/(m?-K)] 11,000
Air temperature [°C] 20
Workpiece emissivity 0.25
Air-workpiece heat exchange coefficient [W/(m?-K)] 20

The model for FSE has been validated in [16] by comparing experimental and numerical extrusion
loads, with errors below 5%. On the other hand, the conventional extrusion model has been validated
in other published papers [14].

The FEM output variables considered in the study are temperature, strain and strain rate, measured
at 50% of the die/ram stroke. Both temperature and strain were calculated using the default software
algorithms, while a specifically designed subroutine was introduced for strain rate, whose purpose
was to store the maximum strain rate experienced by each point during the simulation.
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Due to the high thermal conductivity of aluminum alloys, only one temperature value was taken
as representative for a specific cross-section. However, for strain and maximum strain rate, six
measurements were made along the radius of the extruded wire, in order to create a profile of the
given property (Fig. 2). For simplicity, strain and strain rate profiles were plotted against a normalized
position, for which 0 equals to the core of the wire and 1 to its surface.

The obtained results have then been confronted with those from the other simulations, in order to
evaluate differences and similarities between FSE, DE and IE processes.

lg‘

a) b)
Fig. 2. Simulation results in terms of a) temperature, and b) strain, together with probed points, for
FSE at 400 rpm and 2 mm/s.

Results and Discussion

In this section, the outcomes of the numerical analysis are presented, performing an in-depth
comparison between FSE and conventional DE and IE.

Temperature. Temperature results for FSE, DE and IE are presented in Table 7 and Table 8. The
first notable difference between the processes is that increasing the feed rate leads to opposite effects
on the extrusion temperature (Fig. 3). In the FSE process, a higher feed rate reduces the peak
temperature because the shorter interaction time limits heat generation. Conversely, in DE and IE,
increasing the feed rate raises the extrusion temperature, as more energy is required for deformation
and higher frictional heating is generated. DE shows slightly higher temperatures than IE, due to the
well-known differences in process characteristics, but pre-heating temperature seems to be the main
factor influencing extrusion temperature. An increase in rotational speed leads to higher temperatures
as a result of enhanced frictional heating, enabling the FSE process to operate over a wider range of
profile exit temperatures compared to conventional DE and IE processes.

Temperature
550

— &~ FSE 200rpm
—4— FSE 400rpm
—a— FSE 600rpm
—e—DE 450°C

—o— DE500°C
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—o— IE500°C
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Fig. 3. Extrusion temperature results for FSE, DE and IE.
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Table 7. Simulation results in terms of extrusion temperature for FSE.

Feed rate [mm/s] Rotational Extrusion temperature [°C]
speed [rpm]
1 200 365
2 200 345
3 200 345
4 200 338
1 400 457
2 400 441
3 400 431
4 400 423
1 600 518
2 600 499
3 600 489
4 600 482

Table 8. Simulation results in terms of extrusion temperature for DE and IE.

Pre-heatin Extrusion temperature [°C]
Feed rate [mm/s] temperatufe [°C] direct b indirect
1 450 443 442
2 450 455 454
3 450 461 459
4 450 465 463
1 500 491 488
2 500 501 500
3 500 506 506
4 500 511 509

Strain. Strain results for FSE, DE and IE for core and surface are presented in Table 9 and Table 10.
Each investigated extrusion technology, although still influenced by die design, affects strain through
distinct mechanisms governed by the process kinetics and the specific parameters (Fig. 4). Similarly
to the temperature results, an increase in feed rate leads to a decrease in surface strain for FSE.
However, this increase does not significantly affect the maximum strain results in DE and IE (Fig.
4). Indeed, a higher feed rate in FSE causes a decrease in the material deformation path that leads to
lower value of surface strain. In the core area, strain values are similar, with FSE showing slightly
higher values. Indeed, at the center, almost no rotation is experienced during both FSE and
conventional extrusion, causing the similarities in strain values for normalized position close to 0
shown in Fig. 4.
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55 Strain - 1 mm/s 55 Strain - 4 mm/s
&~ - FSE 200rpm — &~ - FSE 200rpm

20 —&~— FSE 400rpm | —&— FSE 400rpm
—&— FSE 600rpm —&— FSE 600rpm

= / » | —e—DE450°C —e—DE 450°C
—o— DE 500°C —o— DES500°C
—oe—|E 450°C —e—IE 450°C
—o— |E 500°C —o— |E 500°C

[ : ] . -
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normalized position [1] normalized position [1]
a) b)

Fig. 4. Strain results for FSE, DE and IE, at a) 1 mm/s, and b) 4 mm/s, plotted against a normalized
position (“0” = core, “1” = surface).

Table 9. Simulation results in terms of strain at surface and core for FSE.

Rotational

Feed rate [mm/s] Surface strain [1] Core strain [1]
speed [rpm]
1 200 13.9 3.9
2 200 10.6 3.0
3 200 10.2 3.0
4 200 10.5 2.9
1 400 18.4 33
2 400 13.8 3.2
3 400 11.3 3.0
4 400 10.8 3.2
1 600 21.3 3.5
2 600 16.0 3.2
3 600 14.3 3.1
4 600 12.4 3.0
Table 10. Simulation results in terms of strain at surface and core for DE and IE
Pre-heatin Surface strain [1] Core strain [1]
Feed rate [mm/s] temperatufe [°C] direct indirect direct indirect
1 450 16.0 7.3 2.7 2.6
2 450 16.0 6.8 2.4 2.7
3 450 16.7 7.7 2.5 2.5
4 450 18.9 6.7 2.6 2.6
1 500 16.2 7.4 2.4 2.5
2 500 17.2 7.2 2.6 2.7
3 500 20.6 7.5 3.2 2.5
4 500 17.1 7.8 2.5 2.8

Strain rate. Strain rate results for FSE, DE and IE at core and surface are presented in Table 11 and
Table 12. These processes show some similarities in strain rate trends (Fig. 5). In all cases, an increase
in feed rate leads to an increase in surface strain rate values, due to a required shorter time for the
deformation process. In FSE, when the feed rate increases from 1 to 4 mm/s, there is a moderate rise
in maximum strain rate. However, these values remain high, reaching 45.5 s at 1 mm/s and 600 rpm,
and 52.0 s! at 4 mm/s and 600 rpm. For DE and IE, on the other hand, feed rate has a more pronounced
effect on the surface strain rate. As visible in Fig. 5, with a pre-heating temperature of 500 °C, DE
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and IE show an increase in strain rate from 7.8 and 6.3 s' at 1mm/s to 35.0 and 26.5 s™' at 4 mm/s,
respectively. In addition, increasing rotational speed in FSE increases surface strain rate, due to the
higher velocity of material flow. Again, core values are similar between the two processes, but in this
case FSE tends to exhibit slightly lower strain rates.

Strain rate - 1 mm/s

Strain rate [s“I

20

0 0.2 0.4 0.6 0.8
normalized position [1]
a)

[~ &~ FSE 200rpm |

—&— FSE 400rpm

| —&—FSE 600rpm

—e—DE 450°C

/" |—o- DE500°C
| |—e—IE a50°C
|—o— IE 500°C

Strain rate [s”']

b)

Strain rate - 4 mm/s

0.2 0.4 .
normalized position [1]

| — &~ FSE 200rpm |
"~ |—&— FSE 400rom
4— FSE 600rpm
| —e— DE 450°C
/' s |—o— DE5S00°C
| —e—IE 450°C
|—o— IE 500°C

0.6 0.8 1

Fig. 5. Strain rate results for FSE, DE and IE, at a) 1 mm/s, and b) 4 mm/s, plotted against a
normalized position (“0” = core, “1” = surface).

Table 11. Simulation results in terms of strain rate at surface and core for FSE.

Rotational

Feed rate [mm/s]

Surface strain

Core strain

speed [rpm] rate [s”] rate [s”]
1 200 18.5 1.2
2 200 19.0 33
3 200 20.5 4.7
4 200 23.5 6.4
1 400 31.5 1.6
2 400 35.5 2.2
3 400 42.5 39
4 400 435 5.0
1 600 45.5 0.5
2 600 47.0 2.8
3 600 49.0 4.2
4 600 52.0 52

Table 12. Simulation results in terms of strain rate at surface and core for DE and IE.

Pre-heating

Surface strain

Core strain

Feed rate [mm/s] o rate [s7] rate [s”]
temperature [°C] direct indirect direct indirect

1 450 7.7 6.8 1.7 2.2
2 450 12.0 13.7 3.0 4.3
3 450 20.8 20.7 4.8 6.4
4 450 29.5 27.4 6.2 8.5
1 500 7.8 6.3 1.6 2.1
2 500 13.9 12.6 3.1 4.3
3 500 22.2 21.8 4.8 6.2
4 500 35.0 26.5 6.2 8.9
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Summary

The present work involved an in-depth numerical analysis using the FEM software QForm UK, in
order to assess differences and similarities between the FSE and the conventional DE and IE
processes.

The main outcomes of this paper are:

1. Increasing the feed rate leads to a decrease in extrusion temperature for FSE, while it increases
for DE and IE.

2. All processes show similar strain profiles, but upon an increase in feed rate, the surface strain
for FSE decreases, while it increases for DE and IE. This causes FSE to present higher surface
strain values at low feed rates, and lower surface strain than DE at higher feed rates.

3. All processes show similar strain rate trends, and an increase in feed rate leads to an increase
in surface strain rate for all processes. FSE shows high values of maximum strain rate in all
conditions, though lower than DE and IE at low rotational speeds and high feed rates.

Conclusively, FSE shows higher extrusion temperature, higher surface strain and tendentially higher
surface strain rates than DE and IE at low feed rates and high rotational speeds. In this condition, FSE
can produce a finer microstructure thanks to the elevated strain values. This does not directly translate
in better mechanical properties, due to the variety of factors involved. However, alloys that do not
tend to recrystallize like 6082 aluminum alloy [22] could benefit from FSE, allowing the production
of high-quality round profiles. The trend is inverted at high feed rates and low rotational speeds. Core
values of strain and strain rate are similar between all processes.
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