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Abstract

This study aimed to investigate the influence of rotational and traverse speeds on the friction stir
welding (FSW) of aerospace-grade aluminum alloys. To achieve this, a thermo-mechanically coupled
3D finite element analysis (FEM) was employed to analyze the impact of these speeds on temperature
and strain. Additionally, tensile tests were conducted on welded joints fabricated using varying tool
rotational and traverse speeds to examine the effects of welding speed on the tensile properties of the
specimens. The results revealed that high welding speeds had a detrimental effect on the mechanical
properties of the weld samples. Samples produced using an optimal rotational speed of 1200 rpm and
a traverse speed of 40 mm exhibited a tensile strength of 346 MPa, which accounts for approximately
64% of the strength seen in the base material.
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1. Introduction

Friction Stir Welding (FSW) is a revolutionary joining technique that has transformed the welding
industry [1,2]. Unlike traditional welding methods that involve melting and solidification, FSW uses
frictional heat and mechanical deformation to create strong, defect-free welds [3]. By operating at
lower temperatures, FSW preserves the desirable properties of the materials being joined, resulting
in improved strength, fatigue resistance [4,5], and corrosion properties [6,7]. FSW's versatility in
joining materials such as aluminum [8,9], copper [10,12], and steel alloys has made it a popular choice
across various industries, including aerospace, automotive, and shipbuilding.

FSW has emerged as a game-changing technique for joining aerospace-grade aluminum alloys, such
as the commonly used 2xxx, 6xxx, and 7xxx series [13-15]. These alloys are known for their high
strength-to-weight ratio and excellent corrosion resistance, making them ideal for aerospace
applications. FSW offers several advantages when welding these aluminum alloys. Firstly, the
process operates at lower temperatures, minimizing distortion and preserving the desirable
mechanical properties of the materials. This is crucial in maintaining the structural integrity of aircraft
components. Secondly, FSW eliminates the need for filler materials, resulting in welds with reduced
porosity and improved fatigue resistance, which are critical for the long-term performance and
reliability of aerospace structures [16]. Moreover, FSW's solid-state nature avoids the formation of
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solidification defects, ensuring defect-free welds with enhanced joint strength [17,18]. The capability
of FSW to join dissimilar aluminum alloys, such as those with varying strength or thermal properties,
further expands design possibilities and enables the creation of lightweight and efficient aerospace
structures [19-21]. By offering high-quality welds and meeting the stringent requirements of the
aerospace industry, FSW has become a preferred choice for joining aerospace-grade aluminum alloys
and is contributing to the advancement of aerospace manufacturing. Kumar et al. [22] explored the
friction stir welding (FSW) process to create strong metallurgical bonds in 6061 and 7075 Al alloys
by employing intense deformations and heat from friction. Their study highlighted the critical role of
selecting optimal welding parameters, like rotational speed, tool tilt angle, and axial force, to enhance
joint quality. Experiments conducted on twenty-seven alloy joints emphasized variations in
mechanical properties such as tensile strength, impact strength, and hardness, affecting welding
conditions. Anandan and Manikandan [23] examined the effects of welding speeds on friction stir
welding of aluminum alloys, finding that 65 mm/min produced optimal mechanical properties due to
finer grain structure and better material mixing, resulting in superior tensile strength. Lewise and
Dhas [24] explored friction stir spot welding of AA2024 and AA7075 aluminum alloys using the
Box-Behnken design of response surface methodology. Their research confirmed the chemical
composition via XRD analysis and identified tool rotation speed as a key parameter influencing
tensile shear force, which improved with optimized welding settings. The study validated the
desirability approach in predicting optimal tensile shear values, supported by consistent
microstructural analyses. Kumar et al. [25] optimized friction stir welded joints of AA7050 and
AAG6082 alloys using response surface methodology, analyzing the effects of tool tilt angle, rotational
speed, and welding speed on tensile strength, strain, and hardness. They found optimal mechanical
properties at specific settings, with sub-grain formation crucial for enhancing toughness.

The rotational and traverse speeds are crucial parameters in determining the quality and
characteristics of FSW joints [26,27]. The rotational speed determines the frictional heat generated,
softening the material and facilitating plastic deformation [28]. Higher rotational speeds increase heat
generation, leading to better material flow and improved joint formation. However, excessively high
rotational speeds can cause material defects and excessive tool wear [29]. On the other hand, lower
rotational speeds may lead to insufficient heat generation, resulting in inadequate material flow and
weak welds. The traverse speed affects the residence time of the tool in a particular region. Higher
traverse speeds reduce the heat input, which can lead to incomplete mixing and weak bonding. Slower
traverse speeds allow more time for material mixing, resulting in better weld integrity. However,
excessively slow traverse speeds can cause excessive heat input, leading to material defects such as
tunneling and voids [30]. Therefore, finding the optimal balance between rotational and traverse
speeds is crucial for achieving defect-free, high-quality welds in FSW [31]. The selection of these
parameters depends on various factors, such as the material being welded, joint geometry, and desired
weld properties. Through careful control and optimization of rotational and traverse speeds, engineers
can achieve optimal material flow, heat distribution, and mechanical properties, ensuring the
successful application of FSW in various industries [32].

Simulation plays a vital role in advancing FSW processes by providing valuable insights and
optimizing weld quality [33-35]. FSW simulations utilize computational models to predict the
behavior of materials and the welding process itself. These simulations help engineers understand the
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complex thermo-mechanical interactions occurring during FSW, allowing for the optimization of
process parameters, tool design, and material selection [36]. By simulating FSW, engineers can assess
the temperature distribution, material flow, and residual stresses within the weld region, enabling
them to identify potential defects and optimize the welding parameters to mitigate their occurrence
[37-39]. Additionally, simulations aid in predicting the microstructural evolution and mechanical
properties of the weld, providing valuable information for assessing the long-term performance and
durability of the joint [40-42]. Furthermore, virtual simulations enable the exploration of different
welding scenarios and design variations, leading to improved process efficiency, reduced
development time, and cost savings.

The study you described aimed to investigate how the speed of rotational and traverse speeds in FSW
affect the welding of aerospace-grade aluminum alloys. To analyze the influence of rotational and
traverse speed on FSW, the researchers employed a 3D finite element analysis (FEM). Additionally,
the study conducted tensile tests on welded joints created with different tool speeds. By examining
the tensile properties of the specimens, the researchers aimed to understand how the welding speed
affected the strength and integrity of the welds.

2. Experimental method
Experiments were performed on rolled plates of AA7075-O aluminum alloys of 5 mm thickness,
which have chemical compositions as given in Table 1.

Table 1. Chemical composition of AA7075-0 aluminum alloys (wt%)
Si Fe Mn Cu Zn Ti Mg

0.27 0.36 0.02 1.2 4.7 0.03 1.74

The different tool rotational speeds of 800, 1200, and 1600 rpm and traverse speeds of 20, 40, and 60
mm/min were used to investigate the effects of tool traverse and rotational speeds. The H13 steel
FSW tool consists of a cylindrical inserted pin with a 5 mm diameter, 4 mm height, and a 15 mm
shoulder diameter (Figure 1) and rotated with a constant tilt angle of 3°, which helps in forging action
at the trailing edge of the shoulder [43-45]. The penetration depth of the tool into the material was
approximately 1 mm from the top of the pin.
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Figure 1. The dimensions of the tool used in this research

To obtain tensile specimens, the welded joints were first sliced using a power hacksaw and then
machined to the necessary dimensions. The preparation of smooth and notched tensile specimens
followed the guidelines outlined in ASTM E8 M-04, and the specific dimensions can be seen in Figure
2. The tensile test was conducted at room temperature using a universal testing machine. The test was
performed with a cross-head speed of 1 mm/min.

90 mm

20mm

e

Figure 2. The specific dimensions of tensile specimens

3. Simulation details

To simulate the temperature and strain during the friction stir process under different welding speeds,
the researchers utilized Deform-3D™ software [46]. To simulate the process numerically, a 3D FEM
analysis incorporating thermo-mechanical coupling was employed. In this study, the FSW tool was
treated as a rigid body and was meshed using tetrahedral elements. The workpiece was divided into
multiple zones and meshed with different element sizes. To enhance simulation accuracy, smaller
elements with a mean length of 0.7 mm were placed in proximity to the FSW tool (as shown in Figure
3).
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Figure 3. Hllustration of the workpiece and the FSW tool

The relationship between the flow stress of AA7075 aluminum alloy and various factors, including
strain rate, temperature, and plastic strain, is established as follows [47,48]:

Gd=0a(g &,T) (1)

Where &, & z and T represent the plastic strain, the strain rate, the flow, and the temperature,
respectively.

This study employs a constant shear friction model to represent the friction between the tool and the
workpiece. The frictional force can be determined using the following equation in this model. [48]:
f=mk 2)

The variables f, k, and m in the equation represent the frictional stress at the interface between the
tool and workpiece, the shear yield stress, and the shear friction factor, respectively. The convective
boundary condition for all surfaces of the weldment is specified as follows:

kS = (T = Tamp) (3)

The convective boundary condition is defined by the equation mentioned, where h denotes the
convection coefficient, Tamo represents the ambient temperature, and n represents the normal vector
of the boundary. In this study, the convection coefficient for the surfaces of the welded sample

exposed to the environment is assumed to be 20 W/(m?2.°C). Additionally, the thermal properties of
the H13 steel tool and AA7075 samples are provided in Table 2.
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Table 2. Thermal properties of the AA7075 aluminum alloy and H13 FSW tool

Property AAT7075 FSW Tool
Conductivity (W/m °C) 130 24.5
Heat transfer coefficient between tool and billet (N /°C s mm?) 11 11
Heat transfer coefficient between the backing plate and billet (N/ °C s mm?) 5

4. Result and discussion
4.1 Effect of process parameters on the temperature history
In FSW, temperature plays a critical role in the welding process. During FSW, a rotating tool with a

specially designed geometry is plunged into the workpiece, generating frictional heat as it moves
along the joint line. This heat softens the material, allowing the tool to stir the plasticized metal and
create a strong bond. Various factors, including the rotational speed of the tool, the welding speed,
the tool geometry, and the material properties, influence the temperature in FSW. As the tool rotates
and moves along the joint line, it generates heat due to the friction between the tool and the workpiece.
The temperature can rise significantly, reaching temperatures close to the recrystallization
temperature of the material [49].

Controlling the temperature in FSW is crucial to ensure the quality of the weld. Excessive heat can
lead to defects such as material degradation, excessive grain growth, and even metallurgical
changes. On the other hand, insufficient heat can result in incomplete bonding and weak joints.
Therefore, precise temperature control is necessary to achieve optimal weld integrity.

Figures 4 and 5 show the temperature profile along the transverse section of the weld zone for
different rotational speeds. It is observed from this figure that temperature distribution about the weld
line is nearly symmetric for all rotational speeds. This is in line with the results reported by Buffa et
al. [50]. They stated that the temperature profile along a transverse section is symmetric because the
heat generation during FSW is dominated by the tool rotating speed which is much higher than the
traverse speed.

This figure shows that a higher temperature value can be seen with increasing tool rotational speed.
Increasing rotational speed from 800 to 1600 rpm increased the peak temperature observed in SZ
from 350 C to 450 C. The higher temperature value in the FSW joint is favorable for solid diffusion
and plasticized mixing and, hence, is helpful for weld quality in terms of material flow. On the other
hand, excessive speeds may result in defects that compromise the mechanical properties. Therefore,
an optimum rotational speed exists that provides a high peak temperature in the weld zone and doesn't
produce defects.
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Figure 4. Temperature profile along the transverse section of the weld zone for different rotational speeds of a) 800 rpm,
b) 1200 rpm, and ¢) 1600 rpm

Figure 5 illustrates the temperature distribution across the transverse section of the weld zone at
various traverse speeds. It is evident from the figure that as the tool traverse speed decreases, higher
temperature values are observed. This temperature increase can be primarily attributed to the
extended time required to heat up and weld the same length of the material.
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Figure 5. Temperature profile along the transverse section of the weld zone for different traverse speeds of a) 20
mm/min, b) 40 mm/min, and ¢) 60 mm/min

4.2 Effect of process parameters on the strain history
Strain plays a significant role in FSW as it directly affects the deformation and mechanical properties

of the welded joint. During the FSW process, the rotating tool generates frictional heat, which softens
the material and induces plastic deformation. As the tool moves along the joint line, it creates a
plasticized zone where the material undergoes severe plastic strain. This plastic strain causes material
flow, mixing, and consolidation, resulting in the formation of a solid-state weld. The amount and
distribution of strain in the weld region influence the microstructure, grain size, and texture, which in
turn affect the mechanical properties of the joint. Excessive strain can lead to material defects such
as voids, tunneling, or cracks, compromising the integrity of the weld. Therefore, careful control and
optimization of process parameters, such as rotational and traverse speeds, can help regulate the strain
levels and ensure the production of high-quality, defect-free welds with desirable mechanical
properties in FSW [51].

Figures 6 and 7 present the strain distribution observed during FSW while employing different
combinations of rotational and traverse speeds. The strain distribution around the weld line displays
asymmetry, as depicted in the figures. Additionally, the affected region experiences a greater extent
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of strain on the advancing side, indicating a positive relationship between traverse speed and tool
rotational speed [52].

The figures demonstrate that as rotational speed increases or traverse speed decreases, both the
maximum strain and the area subjected to plastic deformation increase. This phenomenon can be
attributed to the generation of additional heat, leading to heightened material softening.
Consequently, an enlarged nugget zone is formed as a result of the increased maximum strain and
plastically deformed area [53].

(a) 0 30 60 90

( b) 0 25 47 70

Figure 6. Strain profile along the transverse section of the weld zone for different rotational speeds of a) 800 rpm, b)
1200 rpm, and ¢) 1600 rpm
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Figure 7. Strain profile along the transverse section of the weld zone for different rotational speeds of a) 800 rpm, b)
1200 rpm, and ¢) 1600 rpm

4.3. Effect of process parameters on the tensile test
The welding speed is a significant parameter that influences the amount of heat generated in the FSW

process. During welding, the stirring zone experiences substantial plastic deformation and high heat
input that leads to recrystallization within the stirring zone and dissolution and coarsening of the
precipitation around it. These microstructural changes in the affected zones impact both the
microstructure of the bond after welding and mechanical characteristics like hardness and tensile
strength. By utilizing optimal welding parameters, including rotational speed and traverse speed, in
FSW processes, it is possible to achieve welded joints with the most favorable mechanical properties
[13,53].

Figure 8 presents the tensile properties of the welded specimens produced at different rotational and
traverse speeds. Tensile tests were conducted on the base material, revealing a tensile strength of 540
MPa. The results of the tensile tests indicated that the highest weld efficiency was attained with the
specimen produced at a welding speed of 1200 rpm. Also, the traverse speed of 40 mm/min results
in the welded sample with the highest tensile strength compared to other traverse speeds. The tensile
strength of samples produced by an optimum rotational speed of 1200 rpm and traverse speed of 40
mm is 346 MPa, about 64% of base material strength.

Additionally, the welded joints are typically fractured close to the weld center [54]. The results show
that the tool rotational speed and traverse speed in FSW profoundly influence the tensile properties
of welded specimens [55]. The rotational and traverse speed determines the heat generation, plastic
deformation, grain refinement, and defect formation during welding. Higher welding speeds generate
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more heat, promote intense stirring and mixing, and can lead to finer grain structures. However,
excessive speeds may result in defects that compromise the tensile properties [56].
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Figure 8. The tensile properties of the welded specimens produced at a) different rotational and b) traverse speeds

5. Conclusion

This study employed a 3D FEM analysis that integrated thermomechanical coupling to explore the
impact of rotational and traverse speeds on strain and temperature. Furthermore, the researchers
performed tensile tests on welded joints created with different tool rotational and traverse speeds to
assess how welding speed influences the tensile properties of the specimens. The findings of this
investigation can be summarized as follows:

e It was observed that increasing the tool rotational speed resulted in higher temperature values
while decreasing the tool traverse speed also led to higher temperatures due to the prolonged
heating and welding time required for the same length of material.

e The tensile tests conducted on the welded joints indicated that the specimen produced at a
welding speed of 1200 rpm exhibited the highest weld efficiency. Additionally, among the
various traverse speeds tested, a traverse speed of 40 mm/min resulted in the welded sample
with the highest tensile strength compared to other traverse speeds.

e Elevating the rotational speed from 800 to 1600 rpm resulted in a rise in the maximum
temperature recorded in the SZ, ascending from 350°C to 450°C.
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Samples fabricated utilizing an optimal rotational velocity of 1200 rpm and a traverse speed of 40
mm showcase a tensile strength of 346 MPa. This magnitude of strength corresponds to
approximately 64% of the tensile strength exhibited by the base material.
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