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Abstract

Metal joining procedures are essential in the manufacturing sector since they directly impact the strength and longevity of the end
product. Arc welding and resistance welding, which are traditional welding techniques, have been extensively utilized for many
years. Nevertheless, these procedures are constrained by limits in terms of the quality of the joints, distortion, and efficiency.
Friction Stir Welding (FSW) technology has become a ground-breaking metal joining process in recent years, surpassing traditional
welding procedures in terms of multiple advantages. This study aimed to investigate the potential of FSW technology in
transforming traditional metal joining methods in the conventional production process. A thorough review was undertaken to
examine the effects of FSW technology on traditional manufacturing processes. The review aimed to gather information on the
concepts, applications, and advantages of FSW technology. Analyzing existing research in this area provided insights into the
practical use of FSW across different sectors. In addition, there were a number of discussions with industry professionals to collect
ideas on the difficulties and possibilities of incorporating FSW technology into traditional production processes. The results of
this study indicated that FSW technology has the capacity to fundamentally transform metal joining methods in the traditional
production process. FSW has several benefits, including enhanced joint integrity, less deformation, and increased productivity
compared to conventional welding techniques. FSW may be easily incorporated into current manufacturing processes, reducing
costs and improving product performance. Nevertheless, to fully use the advantages of FSW technology in traditional industrial
processes, it is necessary to tackle some barriers, such as the high cost of equipment, the necessity for process optimization, and
the requirement for operator training. Finally, using FSW technology can revolutionize metal joining methods, allowing product

manufacturing to attain superior quality, efficiency, and cost-effectiveness.
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1|Introduction

Welding is a widely used industrial process that involves joining materials by applying heat and pressure [1].
Friction Stir Welding (FSW) is a solid-state joining process that has gained significant attention in the
manufacturing industry due to its numerous advantages over traditional welding techniques. This process
involves using a rotating tool to generate frictional heat between the workpieces, which softens the material
and creates a strong, defect-free weld [2]. The heat softens the material without melting, allowing the tool to
stir the metal together and create a strong bond. This process is particularly beneficial for joining materials
that are difficult to weld using conventional methods, such as aluminium, copper, and other nonferrous alloys.
While FSW has been successfully used in various industries, some sceptics still question its effectiveness and
reliability [3]. One of the main arguments against FSW is the initial cost of equipment and tooling. Critics
argue that the high cost of purchasing and maintaining FSW machines makes it an impractical choice for
many manufacturers, especially those with limited budgets. However, FSW proponents argue that this
process's long-term benefits, such as reduced material waste and improved weld quality, outweigh the initial
investment costs [4].

Another common criticism of FSW is the limited range of materials that can be effectively welded using this
process. Some materials, such as high-strength steels and aluminium alloys, are more difficult to weld with
FSW due to their high melting points and thermal conductivity. Critics argue that traditional welding
techniques, such as arc welding, are more versatile and can be used on a wider range of materials. However,
technicians specializing in FSW indicate that ongoing research and development efforts are continuously
expanding the capabilities of this process, making it suitable for a broader range of materials [5]. One selling
point of FSW is its ability to produce high-quality welds with minimal distortion and defects. Traditional
welding techniques, such as arc welding, often result in residual stresses and distortion in the welded material,
which can compromise the structural integrity of the final product. On the other hand, FSW produces welds
with a fine microstructure and excellent mechanical properties, making it an ideal choice for applications
where weld quality is critical [6].

While there are valid criticisms of FSW, the benetfits of this process far outweigh its limitations. With ongoing
advancements in technology and research, FSW is becoming an increasingly viable option for manufacturers
looking to improve the quality and efficiency of their welding operations [7]. As more industries adopt FSW
as a preferred welding technique, it is clear that this process has the potential to revolutionize the way we join
materials in the future. As mentioned earlier, the operation principles of FSW involve using a rotating tool to
generate frictional heat between the workpieces, which softens the material and allows for forming a strong
bond without melting [8]. This highly efficient process produces high-quality welds with minimal distortion
and defects. One of the key principles of FSW is using a specially designed tool that rotates at high speeds
and applies pressure to the workpieces [9]. The rotating tool generates frictional heat at the workpiece
interface, softening the material and creating a plasticized zone. As the tool moves along the joint line, it stirs
the softened material, mixing the two workpieces and creating a strong bond. Unlike traditional welding
techniques that rely on melting and solidification of the material, FSW operates in the solid state, eliminating
the risk of defects such as porosity and solidification cracks [10]. This results in high-quality welds with
superior mechanical properties, strength, and fatigue resistance. Furthermore, FSW is a highly versatile
process that can join a wide range of materials, including aluminium, steel, and titanium [11]. This makes it
an ideal choice for aerospace, automotive, and shipbuilding industries, where lightweight materials and high-
performance welds are required.

The FSW operation principles involve using frictional heat and pressure to create a strong bond between
workpieces without melting [4]. This solid-state joining process offers numerous advantages over traditional
welding techniques, including high efficiency, superior weld quality, and versatility. As industries continue to
demand high-performance welds with minimal defects, FSW will likely become an increasingly popular choice
for joining materials [12]. Padhy et al. [13] presented a detailed flow diagram of FSW and processing
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technologies, as illustrated in Fjg. 7. This study presents the revolutionizing trends of FSW technology in
metal joining techniques and its impacts on conventional manufacturing sequences.
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Fig. 1. Illustration of FSW and processing technologies.

2| History of FSW

The history of FSW can be traced back to the early 1990s when TWI researchers, led by Wayne Thomas,
developed the process as a novel method for joining materials [14]. However, FSW is an innovative welding
technique that was entirely invented and patented by The Welding Institute in 1991 in the United Kingdom
and has since been adopted by various industries for its ability to produce high-quality welds with minimal
distortion and defects [15]. The initial concept of FSW was based on the idea of using a rotating tool to
generate frictional heat and plasticize the material, followed by forging the softened material together to form
a solid joint [16]. This innovative approach eliminated the need for melting the materials, resulting in a high-
quality, defect-free weld with superior mechanical properties. Over the years, FSW has undergone significant
development and evolution, leading to the establishment of various applications and advancements in the
field of welding technology. One of the critical milestones in the historical development of FSW was the
introduction of automated and robotic systems for welding [17]. This automation improved FSW's efficiency
and accuracy and expanded its capabilities for joining complex geometries and materials.

Furthermore, the evolution of FSW has seen the development of new tool designs, materials, and process
parameters to enhance the performance and versatility of the welding process [18]. Researchers and engineers
have continuously optimized the FSW parameters, such as rotational speed, traverse speed, tool geometry,
and tool material, to achieve superior weld quality and mechanical properties. The history, historical
development, and evolution of FSW have demonstrated this innovative welding process's significant impact
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and potential. With its numerous advantages, including high strength, low distortion, and environmental
friendliness, FSW has become a preferred choice for joining materials in various industries, such as acrospace,
automotive, and marine [19]. As research and development in FSW continue to progress, it is expected that
this solid-state welding process will further revolutionize the field of welding technology and contribute to

the advancement of manufacturing industries worldwide.
3| Advancement in FSW

Since its inception in the early 1990s, FSW has seen significant advancements and technological
breakthroughs that have further enhanced its capabilities and applications. One of the critical milestones in
advancing FSW technology was the development of specialized FSW equipment and tools [20]. In the eatly
days of FSW, researchers and engineers had to rely on makeshift tools and equipment to perform the welding
process. However, with the increasing demand for FSW in various industries, companies began investing in
developing specialized FSW machines that could perform the process with greater precision and efficiency
[21]. These machines are equipped with advanced features such as robotic arms, high-speed spindles, and
real-time monitoring systems, which have significantly improved the quality and reliability of FSW welds.
Another significant milestone in the development of FSW technology was the introduction of new materials
and alloys that could be successfully welded using the FSW process [22].

Initially, FSW was limited to welding aluminium and its alloys, but researchers soon discovered that FSW
could also be used to weld other materials such as steel, titanium, and even composites [23]. This opened up
new opportunities for FSW in the aerospace, automotive, and shipbuilding industries, with high demand for
lightweight and high-strength materials.

Furthermore, advancements in FSW technology have led to the development of new welding techniques and
processes that have further improved the efficiency and effectiveness of FSW [24]. One such technique is
using multi-pass FSW, where multiple passes are made over the same weld joint to achieve a stronger and
more uniform weld [25]. Another technique is hybrid FSW, which combines FSW with other welding
processes, such as laser welding or friction stir processing, to achieve even greater weld quality and
performance.

The advancements in FSW technology have significantly impacted the welding industry and have opened up
new possibilities for using FSW in various applications [26]. With the development of specialized equipment,
new materials, and innovative welding techniques, FSW has become a versatile and reliable welding process
that offers numerous advantages over traditional welding techniques. As FSW continues to evolve and
improve, it is expected to play an even greater role in the manufacturing industry and contribute to developing

new and innovative products.
4| Types of FSW

Several types of FSW techniques have been developed to suit different applications and materials. These
include the following:

I.  One of the most common types of FSW techniques is the conventional FSW, where a rotating tool is plunged
into the materials to be joined at a constant speed and pressure [27]. This technique is suitable for joining
materials with relatively low melting points, such as aluminium and magnesium alloys. However,
conventional FSW may not be suitable for joining materials with higher melting points or for applications

requiring precise control over the welding process.

II.  Another type of FSW technique is the stationary shoulder FSW, where the rotating tool is held stationary
while the materials are moved relative to the tool [28]. This technique allows for better control over the
welding process and is suitable for joining materials with higher melting points, such as steel and titanium
alloys. Stationary shoulder FSW also allows for welding materials with varying thicknesses, as the tool can be
adjusted to accommodate different material thicknesses.
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III. A third type of FSW technique is the bobbin tool FSW, where a cylindrical tool with a threaded profile is
used to join materials [29]. This technique is suitable for joining materials with complex geometries or
applications requiring high precision. Bobbin tool FSW allows for better control over the welding process
and can produce high-quality welds with minimal defects.

Several types of FSW techniques have been developed to suit different applications and materials. Each
technique has its advantages and limitations, and the choice of technique will depend on the specific
requirements of the welding application. By understanding the different types of FSW techniques available,
manufacturers can choose the most suitable technique for their welding needs and achieve high-quality welds

with minimal defects.
5| Criteria for Selecting FSW

When selecting FSW as a joining method, it is essential to consider several criteria to ensure successful and
efficient welding operations. These include the following:

1. One of the key criteria for FSW selection is the material being welded. FSW is particularly well-suited for
joining nonferrous materials such as aluminium, copper, and magnesium alloys [30]. These materials have
high thermal conductivity and low melting points, making them prone to distortion and defects when
welded using conventional methods. As a solid-state process, FSW minimizes these issues and produces

high-quality welds with minimal distortion.

II.  Another important criterion for FSW selection is the thickness of the joined materials [31]. FSW is most
effective for welding materials with thicknesses ranging from 0.5 mm to 25 mm. Thicker materials may
require multiple passes or specialized equipment to achieve satisfactory weld quality. Additionally, the
geometry of the materials should be considered when selecting FSW, as complex shapes and configurations
may require customized tooling and fixturing to ensure proper weld formation.

III.  The operating conditions of the FSW process, such as tool rotation speed, traverse speed, and applied
force, also play a crucial role in determining the suitability of FSW for a particular application [32]. These
parameters must be carefully optimized for the desired weld quality and mechanical properties.
Additionally, the availability of skilled operators and proper training in FSW techniques is essential for
successfully implementing the process.

The sclection of FSW as a joining method should be based on a thorough evaluation of the material
properties, thickness, geometry, and operating conditions. By considering these criteria, manufacturers can
ensure the successful implementation of FSW and reap the benefits of this advanced welding technology.

6 | Components of the FSW Machine

The success of FSW largely depends on the components and parts of the welding machine. Each of these
components plays a crucial role in the success of the FSW process. The spindle and welding tool generate the
necessary heat and plasticize the material, while the workpiece fixture ensures proper alignment and stability
[9], [33]. The drive system controls the movement of the welding tool, while the cooling system helps maintain
the temperature of the machine components. The key components of FSW machines and their importance

in achieving successful welds are highlighted as follows:

I.  Spindle: the spindle is the rotating component of the FSW machine that houses the welding tool. It is
responsible for providing the necessary rotational speed and torque to the tool during welding.

II.  Welding tool: the welding tool is a key component of the FSW machine that directly interacts with the
workpiece. It consists of a shoulder and a pin designed to generate frictional heat and plasticize the material
being welded.

III.  Workpiece fixture: the workpiece fixture securely holds the workpiece in place during the welding process.
It is essential for maintaining proper alighment and preventing distortion of the workpiece.
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IVv.

V.

Drive system: the drive system of the FSW machine is responsible for controlling the movement of the
welding tool along the joint line. It ensures consistent travel speed and pressure during the welding process.

Cooling system: the cooling system dissipates heat generated during the welding process and prevents
machine components from overheating. It helps maintain the welding tool's integrity and prolong its lifespan.

The components of a FSW machine are essential for achieving successful welds. Proper selection and

maintenance of these components are crucial for ensuring the quality and integrity of the welds produced. By

understanding each component's importance and role in the welding process, manufacturers can optimize

their FSW machines for maximum efficiency and productivity. A schematic view of the FSW process, as

presented by Machniewicz et al. [34], is illustrated in Fjg. 2.

Downward force - F;

___ Rotation speed - w

-

" Traverse speed - V

Shoulder
Tool Pin

Friction Stir Welded Region

\
\ TMAZ
HAZ WN

Fig. 2. Schematic view of the FSW process.

7| Key Welding Parameters in FSW

In order to achieve successtul FSW, it is essential to control key welding parameters that directly impact the

quality of the weld. Therefore, proper control of these parameters is crucial for achieving high-quality welds.

The key welding parameters in FSW are as follows:

L

II.

II1.

One of the most critical parameters in FSW is the rotational speed of the tool. The rotational speed
determines the heat input and material flow during welding [35]. A high rotational speed can lead to excessive
heat generation, which may result in material softening and potential defects in the weld. On the other hand,
a low rotational speed may not provide enough heat input for proper material flow and consolidation.
Therefore, it is important to carefully select the rotational speed based on the material being welded and the
desired weld quality.

Another important parameter in FSW is the traverse speed of the tool. The traverse speed determines the
tool's rate of moving along the joint line, affecting the material flow and consolidation [36], [37]. A high
traverse speed can lead to insufficient material mixing and inadequate consolidation, while a low traverse
speed may result in excessive heat input and potential defects. Therefore, optimizing the traverse speed to
ensure proper material flow and consolidation during welding is crucial.

Additionally, the plunge depth of the tool is a key parameter that influences the quality of the weld in FSW
[38]. The plunge depth determines the depth at which the tool penetrates the workpiece, affecting the material
flow and consolidation. A shallow plunge depth may not provide enough material mixing and consolidation,
while a deep plunge depth can lead to excessive material displacement and potential defects. Therefore, it is
important to carefully control the plunge depth to achieve proper material flow and consolidation in the
weld.
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Proper control of key welding parameters is essential for achieving high-quality welds in FSW. The tool's
rotational speed, traverse speed, and plunge depth are critical parameters that directly impact the material flow
and consolidation during the welding process. By carefully selecting and optimizing these parameters, welders
can ensure the production of high-quality welds with minimal distortion and defects.

8 | Preparation of Samples/Materials

One of the key factors determining FSW's success is the preparation of samples/materials before the welding
process. Proper preparation of samples/materials is crucial in ensuring the quality and integtity of the weld
joint [12], [39]:

I. The first step in preparing samples/materials for FSW is selecting the appropriate material [40]. The
material should have good weldability and compatibility with the FSW process. It is important to consider
factors such as the material's composition, thickness, and mechanical properties when selecting the material

for FSW.

II.  Once the material has been selected, the next step is to prepare the samples for welding. This involves
cleaning the surfaces of the material to remove any contaminants such as dirt, oil, or grease. Cleaning the
surfaces of the material is essential to ensure proper bonding between the materials during the welding
process [41].

III.  After cleaning the surfaces, the next step is clamping the samples in the desired configuration. Proper
clamping is essential to ensure the samples are held securely during welding. Improper clamping can result
in misalignment of the samples, leading to defects in the weld joint.

IV. Inaddition to clamping, it is preheating the samples/materials before welding [42]. Preheating helps reduce
the material's thermal gradients, which can lead to distortion and residual stresses in the weld joint.

Preheating also helps soften the material, making it easier to deform during welding.

Preparing samples/materials for FSW is a critical step in ensuring the success of the welding process. Proper
selection of materials, cleaning of surfaces, clamping of samples, and preheating of materials are essential
steps in preparing samples/matetials for FSW. By following these steps, welders can ensure the quality and
integrity of the weld joint, leading to strong and durable welds.

9| Materials Commonly Welded Using FSW

While FSW can be used to weld a wide range of materials, certain materials are commonly welded using this
technique [43], [44]. These are as follows:

1. One of the most common materials welded with FSW is aluminium and its alloys [45]. Aluminium is a
lightweight and corrosion-resistant material widely used in aerospace, automotive, and marine industries.
FSW has been successfully used to weld aluminium alloys of varying thickness and composition, producing
welds with excellent mechanical properties and high strength.

II.  Another type of material commonly welded with FSW is magnesium and its alloys [46]. Magnesium is also
lightweight with a high strength-to-weight ratio, making it ideal for applications where weight reduction is
critical. FSW has been proven to be an effective welding technique for magnesium alloys, producing welds
with high strength and good fatigue resistance.

III.  Titanium and its alloys are another material commonly welded with FSW [47]. Titanium is a high-strength
material with excellent corrosion resistance, making it suitable for applications in the aerospace and medical
industries. FSW has been used to weld titanium alloys, producing high-strength and good ductility welds.

IV. Inaddition to aluminium, magnesium, and titanium, FSW can also be used to weld other materials such as
copper, steel, and composites. Copper is a highly conductive material commonly used in electrical
applications, and FSW has been successfully used to weld copper alloys. Steel is a widely used structural
material in various industries, and FSW has been shown to produce high-quality welds in steel components.
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Composites, made from two or more different materials, can also be welded using FSW, allowing for the
joining of dissimilar materials with different properties.

FSW is a versatile joining technique that can be used to weld a wide range of materials, including aluminium,

magnesium, titanium, copper, steel, and composites. By utilizing FSW, industries can benefit from high-

quality welds with minimal distortion and defects, making it a preferred welding technique for various

applications.

10 | Applications of FSW

The applications of FSW are vast and diverse, ranging from aerospace and automotive industries to

shipbuilding and construction. The applications of FSW are highlighted as follows:

L

II.

I1I.

IV.

One of the key advantages of FSW is its ability to join dissimilar materials, such as aluminium and steel,
which are traditionally difficult to weld using conventional methods [48]. This makes FSW an attractive
option for industries that require the joining of different materials to create lightweight and durable
structures. For example, in the aerospace industry, FSW is used to join aluminium alloys to construct
aircraft components, such as fuselage panels and wing structures. The resulting joints are strong, reliable,
and fatigue-resistant, ideal for high-stress applications.

Another important application of FSW is in the automotive industry, where it is used to join aluminium
components for lightweight vehicle construction [49]. By using FSW, automakers can reduce the weight of
vehicles, improve fuel efficiency, and enhance overall performance. Additionally, FSW produces high-
quality welds with minimal distortion and porosity, improving automotive components' structural integrity
and longevity.

In the shipbuilding industry, FSW is employed to join thick aluminium and steel plates to construct ships
and offshore structures [3]. The process produces welds with excellent mechanical properties, such as high
strength and toughness, which are essential for ensuring the safety and reliability of marine structures.
Furthermore, FSW offers significant cost savings compared to traditional welding methods, as it eliminates

the need for filler materials and reduces post-welding operations.

FSW joins aluminium and steel components in the construction industry to fabricate architectural
structures, such as bridges, buildings, and stadiums [50]. The process allows for the creation of complex
geometries and joints with superior mechanical properties, making it an attractive option for structural
applications requiring high strength and durability.

The applications of FSW are vast and diverse, spanning various industries requiring high-quality, reliable, and

cost-effective joining solutions. With its ability to join dissimilar materials, produce high-quality welds, and

offer significant advantages over traditional welding methods, FSW continues revolutionizing how metal

components are joined in modern manufacturing processes.

11| Advantages of FSW

The advantages of FSW include joint quality, cost, energy savings, economics, safety and waste management,
as illustrated in Fig. 3.
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Fig. 3. Advantages of the FSW process.

In recent years, FSW has gained popularity in various industries due to its several advantages highlighted as

follows:

I
II.

II1.

IV.

One of the main advantages of FSW is its ability to produce high-quality welds with minimal defects.

Unlike traditional welding methods, FSW does not involve using a filler material or shielding gas, which
can lead to porosity and other defects in the weld. This results in stronger, more reliable joints less prone

to failure.

Additionally, FSW offers improved mechanical properties compared to conventional welding techniques.
In other words, FSW can produce welds with superior mechanical properties, including high strength,
fatigue resistance, and flexibility. The absence of a molten weld pool in FSW results in a finer grain structure
and reduced distortion in the workpiece. This leads to higher tensile and fatigue strength and improved

corrosion resistance in the welded joint.

FSW is a versatile process that can be used to join a wide range of materials, including aluminium, steel,
and titanium. FSW can join materials of different thicknesses and compositions, making it a versatile option
for a wide range of applications. This makes it ideal for applications in industries such as acrospace,

automotive, and shipbuilding, where lightweight materials and high-performance welds are required.

Another advantage of FSW is its environmental friendliness. Since FSW does not produce fumes or gases,
it is a cleaner and safer welding process than traditional methods that rely on consumable electrodes and
shielding gases. This makes FSW a more sustainable option for manufacturers looking to reduce their

environmental impact.

FSW offers numerous advantages over traditional welding techniques, including high-quality welds, improved

mechanical properties, versatility, and environmental friendliness [51], [52]. As industries continue to adopt

FSW for their welding needs, it is clear that this innovative process will play a significant role in the future of

manufacturing.

12 | Disadvantages of FSW

Like any other welding technique, FSW has drawbacks that must be considered before implementation. The

disadvantages of FSW techniques are as follows:

I

One of the main disadvantages of FSW is its limited applicability to certain materials. FSW works best with
materials that have good thermal conductivity and can be easily softened, such as aluminium and its alloys.
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However, FSW may be less effective when it comes to materials with high melting points or low thermal
conductivity, such as steel and titanium. This limitation restricts the range of materials that can be welded
using FSW, making it unsuitable for certain applications.

II.  Another disadvantage of FSW is the equipment and tooling costs associated with the process. FSW requires
specialized machinery and tools, such as a high-powered spindle and a rotating shoulder, which can be
expensive to purchase and maintain. Additionally, the complex nature of FSW equipment makes it difficult
to set up and operate, requiring skilled technicians to ensure proper welding parameters are met. These costs
can be prohibitive for small businesses or industries with limited budgets, making FSW less accessible
compared to other welding techniques.

III.  FSW has limitations in terms of joint design and geometry. The process is best suited for welding flat or
slightly curved surfaces, making welding complex shapes or structures challenging. This limitation can be a
significant drawback for industries that require intricate welds or joints, as FSW may not be able to meet
their specific requirements. Additionally, the lack of flexibility in joint design can limit the overall strength
and durability of the weld, leading to potential structural issues in the long run.

IV. FSW also has some limitations, such as requiring specialized equipment and skilled operators.

While FSW offers numerous advantages, such as high weld quality and minimal distortion, it also has several
disadvantages that must be considered. These include limited material applicability, high equipment costs, and
restrictions in joint design and geometry [53]. Despite these drawbacks, FSW remains a valuable welding
technique in certain applications where its benefits outweigh its limitations. However, it is essential for
industries to carefully evaluate the pros and cons of FSW before deciding to implement it in their
manufacturing processes.

13 | Conclusion and Recommendations

The existing studies on FSW have provided valuable insights into the process and its applications in various
industries. The research has shown that FSW offers numerous advantages over traditional welding techniques,
including improved mechanical properties, reduced distortion, and enhanced weld quality. Additionally,
studies have demonstrated the potential for FSW to be used in various materials, from aluminium and steel
to composites and even dissimilar materials. Despite the many benefits of FSW, challenges still need to be
addressed. One of the process's main limitations is the difficulty of welding thick sections and the complexity
of tool design and optimization.

Furthermore, there is a need for further research to fully understand the effects of process parameters on the
microstructure and mechanical properties of the weld. Overall, the findings from existing studies highlight
the potential of FSW as a viable alternative to traditional welding methods. By addressing the current
limitations and continuing to research and develop the process, FSW has the potential to revolutionize the
welding industry and open up new possibilities for joining materials in a wide range of applications. As
researchers continue to explore the capabilities and limitations of FSW, it is important to consider some

recommendations based on this study to improve the process further and expand its applications:

1. One key recommendation based on this study is the importance of optimizing process parameters to achieve
high-quality welds. This study has shown that parameters such as tool rotation speed, traverse speed, and
tool geometry significantly impact the mechanical properties of FSW joints. By carefully controlling these
parameters, researchers can improve the strength and durability of FSW welds, making them suitable for a
wider range of applications.

II.  Another important recommendation is the need for further research into the microstructural evolution
during FSW. The microstructure of FSW joints can vary significantly depending on the process parameters
and material properties. By better understanding how the microstructure evolves during FSW, researchers
can develop strategies to optimize the process and improve the mechanical properties of the welds.
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III. Additionally, the importance of Post-Weld Heat Treatment (PWHT) in improving the properties of FSW

joints cannot be ignored. PWHT can help relieve residual stresses, improve the microstructure, and enhance

the mechanical properties of the welds. By incorporating PWHT into the FSW process, researchers can

further enhance the performance of FSW joints and make them more suitable for demanding applications.

The recommendations based on findings from existing studies on FSW emphasize the importance of

optimizing process parameters, understanding the microstructural evolution, and incorporating PWHT. By

following these recommendations, researchers can continue to improve the capabilities of FSW and expand

its applications in various industries. Further research in these areas will be crucial for advancing the field of
FSW and unlocking its full potential.

Author Contribution

The authors have equally contributed to this study.

Funding

The study received no funding.

Data Availability

The authors will supply the supporting information upon request, free from any unjustified limitations, which

form the foundation of the conclusions presented in this article.

Conflicts of Interest

The authors declared no conflicts of interest regarding this work.

References

(1]

(2]

(3]

(4]

(5]

(6]

Ekefre, A., Ekanem, I. I, & Ikpe, A. E. (2024). Physical survey on the health hazards of welding activities
on welding operators in Uyo, Nigeria. Ibom medical journal, 17(2), 302-312.
https://doi.org/10.61386/imj.v7i2.441

Rudrapati, R. (2022). Effects of welding process conditions on friction stir welding of polymer composites:
A review. Composites part C: open access, 8, 100269. https://doi.org/10.1016/j.jcomc.2022.100269

Bharti, S., Kumar, S., Singh, I, Kumar, D., Bhurat, S. S., Abdullah, M. R., & Rahimian Koloor, S. S. (2023).
A review of recent developments in friction stir welding for various industrial applications. Journal of
marine science and engineering, 12(1), 71. https://doi.org/10.3390/jmse12010071

Youlia, R. P., Utami, D., Romahadi, D., & Xiawei, Y. (2023). A review towards friction stir welding
technique: working principle and process parameters. Sinergi (Indonesia), 27(3), 289-308.
http://doi.org/10.22441/sinergi.2023.3.001

Kilic, S., Ozturk, F., & Demirdogen, M. F. (In Press). A comprehensive literature review on friction stir
welding: Process parameters, joint integrity, and mechanical properties. Journal of engineering research.
https://doi.org/10.1016/j.jer.2023.09.005

Komarasamy, M., Smith, C., Darsell, J.,, Choi, W., Jana, S., & Grant, G. (2021). Microstructure and
mechanical properties of friction stir welded Haynes 282. Materials characterization, 182, 111558.
https://doi.org/10.1016/j.matchar.2021.111558

Christy, J. V., Mourad, A. H. L, Sherif, M. M., & Shivamurthy, B. (2021). Review of recent trends in friction
stir welding process of aluminum alloys and aluminum metal matrix composites. Transactions of
nonferrous metals society of china, 31(11), 3281-3309. https://doi.org/10.1016/51003-6326(21)65730-8

Huang, Y., Meng, X, Xie, Y., Wan, L., Lv, Z,, Cao, J., & Feng, J. (2018). Friction stir welding/processing of
polymers and polymer matrix composites. Composites part a: applied science and manufacturing, 105, 235-
257. https://doi.org/10.1016/j.compositesa.2017.12.005



Dynamics of friction stir welding as a conventional metal joining technique ... 12

9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

(25]

[26]

[27]

(28]

Liu, J. F., Zhou, Y. G., Chen, S. J., Ren, S. Q., & Zou, J. (2023). Effects of friction stir welding on the
mechanical behaviors of extrusion-based additive manufactured polymer parts. Polymers, 15(15), 3288.
https://doi.org/10.3390/polym15153288

Heidarzadeh, A., Mironov, S., Kaibyshev, R., Cam, G., Simar, A., & Gerlich, A. (2021). Friction stir
welding/processing of metals and alloys: A comprehensive review on microstructural evolution. Progress
in materials science, 117, 100752. https://doi.org/10.1016/j.pmatsci.2020.100752

Ferreira, F. B., Felice, I, Brito, I, Oliveira, J. P., & Santos, T. (2023). A review of orbital friction stir welding.
Metals, 13(6), 1055. https://doi.org/10.3390/met13061055

Kaygusuz, E., Karaomerliogluy, F., & Akincy, S. (2023). A review of friction stir welding parameters,
process and application fields. Turkish journal of engineering, 7(4), 286-295.
https://doi.org/10.31127/tuje. 1107210

Padhy, G. K, Wu, C. S,, & Gao, S. (2018). Friction stir based welding and processing technologies-
processes, parameters, microstructures and applications: A review. Journal of materials science & technology,
34(1), 1-38. https://doi.org/10.1016/j.jmst.2017.11.029

Vilaga, P., & Thomas, W. (2011). Friction stir welding technology. In Structural connections for lightweight
metallic structures (pp. 85-124). Springer. https://doi.org/10.1007/8611_2011_56

He, X,, Gu, F., & Ball, A. (2014). A review of numerical analysis of friction stir welding. Progress in materials
science, 65, 1-66. https://doi.org/10.1016/j.pmatsci.2014.03.003

El-Sayed, M. M., Shash, A. Y., Abd-Rabou, M., & ElSherbiny, M. G. (2021). Welding and processing of
metallic materials by using friction stir technique: A review. Journal of advanced joining processes, 3, 100059.
https://doi.org/10.1016/j.jajp.2021.100059

Gibson, B. T., Lammlein, D. H., Prater, T. J., Longhurst, W. R, Cox, C. D., Ballun, M. C,, ...& Strauss, A.
M. (2014). Friction stir welding: Process, automation, and control. Journal of manufacturing processes, 16(1),
56-73. https://doi.org/10.1016/j.jmapro.2013.04.002

Dinesh, T. C. R,, & Karvendhan, S. (2024). Advancements and applications of friction stir welding: a
comprehensive review. International journal of scientific research in engineering and management, 8(2), 1-8.
Ahmed, M. M. Z,, El-Sayed Seleman, M. M., Fydrych, D., & Cam, G. (2023). Friction stir welding of
aluminum in the aerospace industry: the current progress and state-of-the-art review. Materials, 16(8),
2971. https://doi.org/10.3390/ma16082971

Shen, Z., Ding, Y., & Gerlich, A. P. (2020). Advances in friction stir spot welding. Critical reviews in solid
state and materials sciences, 45(6), 457-534. https://doi.org/10.1080/10408436.2019.1671799

Joy, J. A, Sajjad, M., & Jung, D.-W. (2018). Design and fabrication of friction stir welding machine. MATEC
web of conferences (Vol. 207, p. 3022). EDP Sciences.

de Sousa Santos, P. M. (2021). Development of refill friction stir spot welding (RESSW) for lightweight
applications [Thesis]. https://pureportal.coventry.ac.uk/files/43460095/deSousaSantos2021.pdf

Salih, O. S., Ou, H., Sun, W., & McCartney, D. G. (2015). A review of friction stir welding of aluminium
matrix composites. Materials & design, 86, 61-71. https://doi.org/10.1016/j.matdes.2015.07.071

Mubiayi, M. P. (2023). Current developments in friction stir welding (FSW) and friction stir spot
welding (fssw) of aluminium and titanium alloys. Engineering proceedings, 56(1), 184.
https://doi.org/10.3390/ASEC2023-15881

Brown, R., Tang, W., & Reynolds, A. P. (2009). Multi-pass friction stir welding in alloy 7050-T7451: Effects
on weld response variables and on weld properties. Materials science and engineering: A, 513, 115-121.
https://doi.org/10.1016/j.msea.2009.01.041

Eslami, S., Vilhena, F. A. T., Marques, A. T., & Moreira, P. (2020). New technological solution for friction
stir welding of composites. Procedia structural integrity, 28, 659-666.
https://doi.org/10.1016/j.prostr.2020.10.076

Mehta, K. P., Carlone, P., Astarita, A., Scherillo, F., Rubino, F., & Vora, P. (2019). Conventional and cooling
assisted friction stir welding of AA6061 and AZ31B alloys. Materials science and engineering: A, 759, 252—
261. https://doi.org/10.1016/j.msea.2019.04.120

Martin, J. P. (2013). Stationary shoulder friction stir welding. Proceedings of the 1st international joint
symposium on joining and welding (pp. 477-482). Elsevier.



13

Ekanem et al. | Res. Ann. Ind. Syst. Eng. 1(1) (2024) x-x

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

[42]

(43]

(44]

(45]

[46]

Tinguery, K. M. S., Rahem, A., Nadeau, F., & Fafard, M. (2023). Friction stir welding parameters
development of aa6061-t6 extruded alloy using a bobbin tool. Engineering proceedings, 43(1), 50.
https://doi.org/10.3390/engproc2023043050

Kubit, A., Trzepiecinski, T., Kluz Rafatand Ochatek, K., & Slota, ]J. (2022). Multi-criteria optimisation of
friction stir welding parameters for EN AW-2024-T3 aluminium alloy joints. Materials, 15(15), 5428.
https://doi.org/10.3390/mal5155428

Kumar, S., & Roy, B. S. (2020). Friction stir welding of glass filled nylon 6 composites. Materials today:
proceedings, 24, 754-762. https://doi.org/10.1016/j.matpr.2020.04.383

Akbari, M., Aliha, M. R. M., & Berto, F. (2023). Investigating the role of different components of friction
stir welding tools on the generated heat and strain. Forces in mechanics, 10, 100166.
https://doi.org/10.1016/j.finmec.2023.100166

Mishra, R. S., Mahoney, M. W., Sato, Y., Hovanski, Y., & Verma, R. (2011). Friction stir welding and
processing V1. John Wiley & Sons.

Machniewicz, T., Nosal, P., Korbel, A., & Hebda, M. (2020). Effect of FSW traverse speed on mechanical
properties of copper plate joints. Materials, 13(8), 1937. https://doi.org/10.3390/ma13081937

Amatullah, M., Jan, M., Farooq, M., Zargar, A. S., Magbool, A., & Khan, N. Z. (2022). Effect of tool
rotational speed on the friction stir welded aluminum alloys: A review. Materials today: proceedings, 62,
245-250. https://doi.org/10.1016/j.matpr.2022.03.220

Gharacheh, M. A., Kokabi, A. H., Daneshi, G. H., Shalchi, B., & Sarrafi, R. (2006). The influence of the
ratio of rotational speed/traverse speed (w/v) on mechanical properties of AZ31 friction stir welds.
International journal of machine tools and manufacture, 46(15), 1983-1987.
https://doi.org/10.1016/j.ijmachtools.2006.01.007

Kosturek, R., Mierzynski, ], Wachowski, M., Torzewski, J., & Sniezek, L. (2022). The influence of tool
traverse speed on the low cycle fatigue properties of AZ31 friction stir welded joints. Procedia structural
integrity, 36, 153—-158. https://doi.org/10.1016/j.prostr.2022.01.017

Sharma, A., Khan, Z. A, & Siddiquee, A. N. (2022). A short review of the effect of plunge depth on
friction stir welding of aluminium pipes. Materials today: proceedings, 64, 1504-1506.
https://doi.org/10.1016/j.matpr.2022.05.257

Di Bella, G., Favaloro, F., & Borsellino, C. (2023). Effect of process parameters on friction stir welded joints
between dissimilar aluminum alloys: a review. Metals, 13(7), 1176. https://doi.org/10.3390/met13071176
Acharya, U., Choudhury, S., Sethi, D., Akinlabi, E., & Roy, B. S. (2024). Enhancing joint performance in
friction stir welding through tailored double-butt-lap geometry. Welding in the world, 68, 1-13.
https://doi.org/10.1007/s40194-024-01737-1

Ohwoekevwo, J. U., Achebo, J. I, Obahiagbon, K. O., & Ekanem, I. I. (2023). Back propagation neutral
network based modelling and optimization of thermal conductivity of mild steel welds Agglutinated by
Tungsten Inert Gas welding technique. Journal of materials engineering, structures and computation, 2(3), 92—
105. https://doi.org/10.5281/zenodo.8310192

Yuan, J, Ji, H, Zhong, Y., Cui, G., Xu, L., & Wang, X. (2023). Effects of different pre-heating welding
methods on the temperature field, residual stress and deformation of a Q345C steel butt-welded joint.
Materials, 16(13), 4782. https://doi.org/10.3390/ma16134782

Kah, P., Rajan, R., Martikainen, J., & Suoranta, R. (2015). Investigation of weld defects in friction-stir
welding and fusion welding of aluminium alloys. International journal of mechanical and materials
engineering, 10, 1-10. https://doi.org/10.1186/540712-015-0053-8

Kumar, S., Mahajan, A., Kumar, S., & Singh, H. (2022). Friction stir welding: Types, merits & demerits,
applications, process variables & effect of tool pin profile. Materials today: proceedings, 56, 3051-3057.
https://doi.org/10.1016/j.matpr.2021.12.097

Pietras, A., & Rams, B. (2016). FSW welding of aluminium casting alloys. Archives of foundry engineering,
16(2), 119-124. http://dx.doi.org/10.1515%2Fafe-2016-0038

Singh, K., Singh, G., & Singh, H. (2018). Review on friction stir welding of magnesium alloys. Journal of
magnesium and alloys, 6(4), 399-416. https://doi.org/10.1016/j.jma.2018.06.001



Dynamics of friction stir welding as a conventional metal joining technique ... 14

[47]

(48]

(49]

(50]

(51]

(52]

(53]

Gangwar, K., & Ramulu, M. (2018). Friction stir welding of titanium alloys: A review. Materials & design,
141, 230-255. https://doi.org/10.1016/j.matdes.2017.12.033

Shankar, S., Mehta, K. P., Chattopadhyaya, S., & Vilaga, P. (2022). Dissimilar friction stir welding of Al
to non-Al metallic materials: An overview. Materials chemistry and physics, 288, 126371.
https://doi.org/10.1016/j.matchemphys.2022.126371

Haghshenas, M., & Gerlich, A. P. (2018). Joining of automotive sheet materials by friction-based welding
methods: A review. Engineering science and technology, an international journal, 21(1), 130-148.
https://doi.org/10.1016/j.jestch.2018.02.008

Shankar, S., Kaushal, A., Chattopadhyaya, S., Vilaga, P., & Bennis, F. (2021). Joining of aluminium to
polymer by friction stir welding: an overview. IOP conference series: materials science and engineering (Vol.
1104, p. 12005). IOP Publishing.

Akinlabi, E. T., & Akinlabi, S. A. (2012). Friction stir welding process: a green technology. Proceedings of
world academy of science, engineering and technology (p. 1536). World Academy of Science, Engineering and
Technology (WASET).

Mishra, R. S., & Ma, Z. Y. (2005). Friction stir welding and processing. Materials science and engineering: R:
reports, 50(1-2), 1-78. https://doi.org/10.1016/j.mser.2005.07.001

Barakat, A. A, Darras, B. M., Nazzal, M. A., & Ahmed, A. A. (2022). A comprehensive technical review
of the friction stir welding of metal-to-polymer hybrid structures. Polymers, 15(1), 220.
https://doi.org/10.3390/polym15010220



