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Abstract. In recent years, the development of Friction Stir Extrusion (FSE) simulation models 
becomes crucial for gaining a deeper understanding of its underlying physics. Concurrently, there 
is a demand for precise control over the microstructure evolution of aluminum alloy extruded 
profiles, given its substantial impact on mechanical properties. Despite this, the relationship 
between process parameters and the evolution of grain structure remains insufficiently understood. 
In this context, a Lagrangian approach was established to simulate the FSE process, utilizing the 
commercial software DEFORM™ 3D. This research involved the investigation of the impact of 
various process parameters, such as rotational and descent tool speeds, on the occurrence of 
bonding phenomena, while considering both thermal and stress conditions. Furthermore, an 
innovative model originally developed for traditionally extruded components was implemented in 
a customized Fortran post-processing routine to investigate and predict the recrystallization 
behavior in the FSE of AA6061 aluminum alloy. 
Introduction 
In recent years, the European Commission has been actively pursuing sustainable growth strategies 
with a focus on competitive energy resources, taking into account both environmental impact and 
economic considerations [1]. A significant aspect of this endeavor involves addressing the 
challenges associated with the extensive waste generated by mechanical processes in industries 
such as metalworking. Conventional recycling methods often lead to increased energy 
consumption and difficulties in maintaining the desired alloy composition [2,3]. 

To overcome these challenges, the Welding Institute introduced Friction Stir Extrusion in 1993 
as a novel metal shavings recycling process. FSE, characterized by solid-state recycling and high 
energy efficiency, has emerged as a promising technology, utilizing friction-generated heat for 
plastic deformation and extrusion of metal chips [4]. This process has demonstrated a remarkable 
reduction in energy consumption, requiring less than 15% of the energy used in conventional 
aluminum alloy melting processes [5]. In parallel with these advancements, it has become apparent 
that a crucial factor in optimization is understanding the intricate relationship between process 
parameters and the resulting physical outcomes [6]. Furthermore, the extrusion industry has long 
acknowledged the substantial attention given to the microstructure of aluminum alloy extruded 
profiles. The complex connection between process parameters and the evolution of grain structure 
presents challenges for extrusion companies striving to enhance product performance. So far, the 
scientific community has been actively engaged in investigating the recrystallization of aluminum 
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alloys during the extrusion process. Efforts have been directed towards developing reliable models 
for recrystallization prediction, essential for controlling the final microstructure at the die design 
stage without costly experimental trial and error [6,7]. 

In the traditionally extruded pieces, the recrystallized structure, characterized by equiaxed 
grains, offers an avenue for optimizing product performance if appropriately controlled. Two main 
recrystallization mechanisms, dynamic recrystallization (DRX) and static recrystallization (SRX), 
have been identified, each influencing the microstructure during and after the extrusion process 
[8,9]. Despite numerous studies on recrystallization kinetics, limitations persist in the validation 
of models against industrial-scale extrusions with complex geometry profiles.  

In response to this gap, this paper investigates the FSE process considering an already 
developed and optimized Finite Element simulation performed within the DEFORM™ 3D code. 
This model explores the influence of rotational tool speed and descent speed on process conditions, 
such as attained temperatures and the final volume of the workpiece. Additionally, stress 
conditions resulting from the simulations were analyzed using the Piwnik and Plata criterion to 
investigate the bonding phenomenon [10]. The study also aims to provide a comprehensive 
understanding of the recrystallization mechanisms involved. A recrystallization model, originally 
developed and validated for the traditional extrusion process [11], has been adapted for the FSE 
process. The ultimate objective is to propose a reliable model capable of accurately predicting the 
microstructural behavior in the AA6061 aluminum alloy Friction Stir Extruded (FSEed) profiles. 
Procedure 
A 3D Finite Element Lagrangian model was created using DEFORM™ 3D software to simulate 
the extrusion process. The tool and container were modeled as rigid bodies using AISI-1043 steel, 
while the aluminum scraps were treated as a porous workpiece of Aluminum-6061. The initial 
compaction phase was excluded for computational efficiency, and the initial density was set to 
78% of the base aluminum, based on experimental tests, as also reported in [12–14]. Material flow 
stress data were sourced from the DEFORM™ 3D library for aluminum and steel, following both 
the law reported in Eq. 1.  

𝜎𝜎� = 𝜎𝜎�(𝜀𝜀 ,̅ 𝜀𝜀̅̇, T) (1) 

The steel tool and container were considered rigid due to the significant difference in yield 
strength compared to aluminum. The porous workpiece was meshed with 50,000 tetrahedral 
elements (Fig. 1). 

 
Figure 1: Geometry of the all simulated structure. 

Thermal parameters were kept constant (Table 1), and simulations were conducted by varying tool 
rotational speed and descent speed to understand the bonding phenomenon (Table 2). The stop 
criterion was a tool displacement of 5 mm in the –Z direction. 
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Table 1: Thermal parameters used in the simulations [12]. 

Parameters Value 
Friction coefficient aluminum-tool 0.60 
Thermal conductivity [N/(mm∙s∙°C)] 450 
Aluminum emissivity  0.25 
Heat transfer coefficient aluminum-tool [N/(mm∙s∙°C)] 11.00 
Heat exchange with the environment [N/(mm∙s∙°C)] 0.02 
Mechanical conversion to heat 0.80 

 
Table 2: Combinations between the rotational speed (S) and the descent speed (F) considered for 

the simulations [12]. 

Combination Rotational speed (S) [rpm] Descent speed (F) [mm/s] 
#1 400 1 
#2 400 3 
#3 800 1 
#4 800 3 

According to Piwnik and Plata criterion, material bonding is established when the parameter w, 
characterized as the integrated ratio over time between the pressure and the effective stress exerted 
on the material, attains a predetermined threshold value known as wlim. This threshold is 
determined as a function of the temperature. To compute w and wlim for every node at each step, a 
dedicated Fortran routine was specifically created and integrated into the simulation model. This 
ensured the automated calculation of these parameters and their relationship within the model. 
Moreover, a novel model initially designed for conventionally extruded components was 
incorporated into a tailored Fortran post-processing routine. This adaptation aimed to explore and 
anticipate the recrystallization behavior during the FSE of AA6061 aluminum alloy. 
Modeling  
The recrystallization model was taken from the work of Negozio et al. [15]. In this study, the model 
was developed and implemented in a subroutine for the assessment of dynamic and static 
recrystallization in post-processing to the Finite Element Method simulation of the extrusion 
process. To assess the microstructural evolution, the calculation of the Zener-Hollomon 𝑍𝑍 and sub-
grain size 𝛿𝛿 parameters was carried out according to [16]. 

𝑍𝑍 =  𝜀𝜀̇ 𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑄𝑄
𝑅𝑅𝑅𝑅

� (2) 

1
𝛿𝛿

= 𝐶𝐶 (𝑙𝑙𝑙𝑙𝑙𝑙)𝑛𝑛 (3) 

where 𝜀𝜀̇ is the maximum strain rate reached by each point during the investigated plastic 
deformation process, 𝑇𝑇 is the temperature, n=5.577, C=3.36x10-9 m-1, Q is the activation energy 
of the AA6061 aluminum alloy (196000 J/mol*K [17]), R is the universal gas constant (8.341 
J/mol).  

The energy responsible for activating the kinetics of static recrystallization is referred to as 
Stored Energy Pd and is calculated in accordance with [6]: 

Pd =
𝐺𝐺𝑏𝑏2

10
�ρi(1-ln(10bρi

0,5))+
2𝜃𝜃
𝑏𝑏𝑏𝑏

∗ �1 + ln �
𝜃𝜃𝑐𝑐
𝜃𝜃
��� (4) 
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where b the Burgers vector (2.86x10-10 m [18]), G is the material shear modulus (2.05x1010 Pa 
[18]), ρi the dislocation density, 𝛿𝛿 the sub-grain size, 𝛩𝛩 the misorientation angle and 𝛩𝛩𝑐𝑐 the 
misorientation angle limit (15°) [15]. 

The experimental analysis revealed a completely fibrous microstructure, without showing 
evidence of static recrystallization. Dynamic recrystallization modeling was conducted following 
the guidelines provided in [15]. The evolution of the grain size subjected to deformation was 
described based on the definition of two quantities, 𝑑𝑑𝑡𝑡 (grain thickness) and 𝑑𝑑𝑙𝑙 (grain length). 
These quantities were calculated as follows [15]: 

𝑑𝑑𝑡𝑡 = (𝑑𝑑0 − 2.5𝛿𝛿𝑠𝑠𝑠𝑠)(𝑘𝑘1)𝜀𝜀� + 2.5𝛿𝛿𝑠𝑠𝑠𝑠 (5) 

𝑑𝑑𝑙𝑙 = 𝑘𝑘2𝜀𝜀2̅ −  𝑘𝑘3𝜀𝜀̅+ 𝑑𝑑0       if  𝜀𝜀 <  𝜀𝜀𝑝𝑝 (6) 

𝑑𝑑𝑙𝑙 = 𝑘𝑘4𝜀𝜀−̅𝑚𝑚 +  10𝛿𝛿𝑠𝑠𝑠𝑠         if  𝜀𝜀 > 𝜀𝜀𝑝𝑝 (7) 

where 𝜀𝜀𝑝𝑝 is the critical strain level for the pinch-off occurrence [17], which is considered as value 
of 3 [19], 𝛿𝛿𝑠𝑠𝑠𝑠 is the subgrain size at the steady-state condition (𝛿𝛿𝑠𝑠𝑠𝑠 = 8.4 µm) [19]) and 
𝑚𝑚,𝑘𝑘1,𝑘𝑘2,𝑘𝑘3,𝑘𝑘4 are material constants identified in [19] as 𝑚𝑚 = 4.75, 𝑘𝑘1 = 0.4,𝑘𝑘2 =
85.192, 𝑘𝑘3 =  14.88,𝑘𝑘4 = 1.68 ∗ 105. 
Results and discussion 
When the occurrence of bonding according to the Piwnik and Plata criterion is verified, the Fortran 
variable named "Welding" shifts from 0 to 1. In such cases, the element undergoing this condition 
is visually highlighted in red. Conversely, blue indicates regions where stress conditions and 
temperature distribution are insufficient for the bonding of scraps. This approach facilitates 
pinpointing the occurrence and location of material bonding, as depicted in Fig. 2. 

 

 
Figure 2: Red and blue areas in the FSEed object obtained with S=800 rpm, F=1 mm/s and 

Z=2.5 mm. 
The examination of the simulation results revealed three global conditions: bonding, non-

bonding, and limit conditions, across various combinations of operational parameters. 
Differentiating between instances where metal scraps have achieved complete bonding and cases 
where bonding was not accomplished before extrusion is crucial. This distinction is essential not 
only for identifying the presence of defects or voids within the extruded object but also for ensuring 
a comprehensive understanding of the bonding process. The limit condition involves the 
simultaneous presence of fully bonded material and still-porous metal scraps: this condition allows 
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for the production of extruded pieces with a solid external surface but internal sections of 
unbounded material. Identifying this scenario is essential, as it could lead to significant issues, 
resulting in a more fragile behavior than a completely solid FSEed sample. 

Addressing these challenges requires precise definition of the boundary condition zone and the 
selection of parameter combinations guaranteed to fall within this range. This determination is 
facilitated by consulting the diagram presented in Fig. 3, which illustrates the summarized 
experimental results in terms of bonded and non-bonded specimens. The red cross designates the 
non-bonding zone, the green dot signifies the bonding zone, and the yellow triangle represents the 
limit condition zone. 

 
Figure 3: Bonding conditions as a function of the process parameters. 

From the simulations point of view, the bonding, no bonding and limit conditions are reported 
in Fig. 4. The scenario where metal scraps are fully bonded (Fig. 4a) contrasts notably with 
instances where bonding fails to occur before extrusion (Fig. 4c). 

An intermediate state, denoted henceforth as the limit condition entails a mixture of fully 
bonded material and still-porous metal scraps (Fig. 4b). In this state, extruded pieces may exhibit 
an exterior of solid material while retaining internal sections lacking bonding. Failure to detect this 
condition promptly could result in significant issues, as extruded pieces may demonstrate 
considerably reduced structural integrity compared to fully solid samples. 
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Figure 4: Different bonding conditions: (a) Completely bonded with S=800 rpm and F= 1 mm/s, 
(b) Limit condition with S=800 rpm and F= 2 mm/s and (c) Completely not bonded with S=800 

rpm and F= 3 mm/s. 
As already explained, the microstructure of aluminum alloy extruded profiles has garnered 

significant attention within the extrusion industry. For this reason, an additional Fortran routine 
was implemented in the post-processing phase within DEFORM™ 3D software. This routine, 
already developed for the traditional extrusion process and using Qform Extrusion software, was 
adapted to this new technology and this different software. With the revised routine, the possibility 
to foresee the medium grain dimension independently from the considered aluminum alloy was 
confirmed. Moreover, the prediction of the final grain dimensions is also possible to be achieved 
regardless of the size of the initial grains. Indeed, it is sufficient to modify only the parameters 
relative to the initial dimensions of the grain (also the longitudinal and transverse ones, if the 
starting material has no equiaxed grains). This allows the model to be adapted to the starting 
material, be it in the form of chips, powder or flat material by changing only the relevant variables 
first in the simulation model, mainly the starting density and the aluminum alloy, and the 
parameters mentioned above in the post-processor prediction model. 

In the analyzed case, metal chip was considered as the starting material. Because of the small 
size and the machining operations that contributed to the formation of this chip, it is possible to 
think of it as consisting of rather uniform and equiaxial grains. For this reason, only the grain 
thickness will be plotted. Plotting this information within the routine, the microstructural trend of 
the extruded sample was evaluated by FSE. At the 5-mm end of the primary die run, a distinct 
grain refinement can be observed, as can be seen in Fig. 5. The trend of grain evolution and the 
results obtained were in line with what can be found in the literature. In particular, Buffa et al., 
obtained comparable results considering the same starting alloy, in the form of chips and the same 
rotational speed, showing that, from the microstructure point of view, no great differences were 
shown as a function of the different force applied in the tool thrust phase (Fig. 6), comparable in 
our case to the different tool descent speeds considered [20]. 
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Figure 5: Grain dimensions in the FSEed sample obtained with S800 rpm and F=1 mm/min. 

 

Figure 6: Etched cross sections of the AA6082 FSEed samples obtained with rotational speeds 
varying between 300 and 500 rpm and applied forces between 15 and 21 kN [20]. 

The grain sizes obtained, around 15-30 µm in the fully extruded part, are also consistent with 
what can be found in the literature [21]. Nevertheless, the proposed predictive model was also able 
to predict the trend of the average grain size within the extruded pieces. This is demonstrated by 
the images shown in Fig. 7, in which the close-up of the results obtained by applying the developed 
routine to the proposed simulation model is compared with the result obtained for the Friction Stir 
Consolidation process, which is a very similar process to the FSE process, except for the presence 
of the hole in the primary die [22]. 
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Figure 7: a) Close-up of the mean grains dimension of the compacted scraps reported in Figure 
4. b) Grain characteristics obtained in a typical compacted workpiece obtained with the Friction 

Stir Consolidation (a very smilar process [22]. 
Conclusions 
In the present work, a comprehensive understanding of the recrystallization mechanisms involved 
in the FSE process was carried out together with the FE simulation using DEFORM™ 3D code.  

The main outcomes of this work are summarized as follows: 

• The configuration of the Finite Element model offers an accurate forecast of the FSE 
physic. 

• Piwnik and Plata criterion has demonstrated its effectiveness in accurately predicting the 
occurrence of bonding phenomena and understanding the impact of process parameters on 
the quality of produced parts. 

• An innovative AA6061 recrystallization model originally developed to investigate the 
microstructure evolution in conventional extruded profiles proved to be suitable also for 
the FSE process. 

Future developments of this research work will have as a central focus the further experimental 
validation of the simulative results obtained, with particular attention to the analysis of the effect 
of process parameters on the bonding conditions of the obtained extruded pieces. 
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