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Abstract: Friction stir welding (FSW) has been recognized as a revolutionary welding process for
marine applications, effectively tackling the distinctive problems posed by maritime settings. This
review paper offers a comprehensive examination of the current advancements in FSW design,
specifically within the marine industry. This paper provides an overview of the essential principles
of FSW and its design, emphasizing its comparative advantages when compared with conventional
welding techniques. The literature review reveals successful implementations in the field of ship-
building and offshore constructions, highlighting design factors as notable enhancements in joint
strength, resistance to corrosion, and fatigue performance. This study examines the progress made
in the field of FSW equipment and procedures, with a specific focus on their application in naval
construction. Additionally, it investigates the factors to be considered when selecting materials and
ensuring their compatibility in this context. The analysis of microstructural and mechanical features
of FSW joints is conducted, with a particular focus on examining the impact of welding settings.
The study additionally explores techniques for mitigating corrosion and safeguarding surfaces in
marine environments. The study also provides a forward-looking perspective by proposing potential
areas of future research and highlighting the issues that may arise in the field of FSW for maritime
engineering. The significance of incorporating environmental and economic considerations in the
implementation of FSW for extensive marine projects is emphasized.

Keywords: design of marine structures; structural integrity; friction stir welding; welding technique;
corrosion resistance

1. Introduction

In the current decade, the role of welding has become increasingly pivotal in meeting
the demands of a rapidly advancing industrial landscape and diverse applications. As
industries evolve to embrace innovative technologies and designs, welding serves as a
fundamental process, addressing the intricate challenges posed by modern engineering.
Welding encompasses various techniques, each tailored to specific applications and materi-
als. Some prominent types include traditional methods such as arc welding (e.g., MIG, TIG,
and stick welding) [1–3], oxy-acetylene welding [4], and more recent innovations such as
laser welding [5]. Friction stir welding (FSW) has emerged as a cutting-edge alternative
with distinct advantages over traditional welding methods [6].

Unlike traditional welding, which relies on melting and solidifying, FSW employs
a solid-state process [7]. This characteristic minimizes the risk of thermal distortion, pre-
serving the structural integrity of the materials being joined. Furthermore, FSW excels in
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welding dissimilar materials, a task that can be challenging for traditional methods due to
differences in melting points and thermal expansion. FSW’s solid-state nature allows it to
seamlessly join materials with varying properties, opening doors to innovative applications
in industries where dissimilar materials are prevalent [8,9].

FSW has gained significant recognition as a solid-state joining process across var-
ious industries since its inception in 1991 [10]. The fusion welding (FW) technique is
gaining attention due to its ability to join alloys that are difficult to join using traditional
methods. FSW offers several advantages over alternative welding processes, such as
effectively joining materials that are not compatible with each other and reducing the
cost of adhesives, self-piercing rivets, or other fasteners. Traditional welding procedures
may negatively affect joint properties due to differing physical, chemical, and mechani-
cal qualities. The FSW method is particularly suitable for linking materials that are not
identical due to its significantly lower working temperature compared with the base mate-
rial’s melting point [11–13]. The use of this method, which offers numerous benefits such
reduced costs, enhanced fatigue and tensile strength, a non-consumable tool, a low envi-
ronmental impact, and increased sustainability, has significantly boosted the automotive
manufacturing industry [14]. The process has gained significant importance in automotive
manufacturing for its numerous benefits, including improved fatigue and tensile strength,
non-consumption, eco-friendliness, and lower operating costs.

FSW is a rapidly developing welding technology with a wide range of potential
applications in the marine industry [15]. Recent advancements in FSW have enhanced weld
quality, efficiency, and productivity, making it more appealing for marine applications. New
tool designs, such as those with multiple pins and shoulders, reduce welding forces and
enhance weld strength [16]. Automated FSW systems enhance consistency and productivity
in welding large, complex structures. Hybrid FSW processes, which combine FSW with
other welding methods such as arc or laser welding, improve the weld quality and efficiency
for specific applications [17,18]. FSW is utilized in various marine applications, including
shipbuilding, ship repair, and offshore structures. It is used to weld aluminum alloy
panels, deck panels, and repair the damaged components of ships. FSW is also used to
weld aluminum alloy components in offshore structures such as oil platforms and wind
turbines [19,20]. The FSW technique is widely used for welding materials with similar or
dissimilar properties, particularly in the automotive sector due to its lower temperature
level. It allows for various types of dissimilar joining for various combinations, such as
Al/Mg (demonstrating its versatility in various applications [21]), Al/steel, and Al/Ti [22].

Methods that utilize machine learning (ML) have gathered significant attention as
viable models for modeling a variety of manufacturing systems in recent years [16,23,24].
Machine learning applications have been seen in the FSW field as well. ML approaches have
demonstrated interesting applications in a variety of engineering fields, including fracture
mechanics [25], structural engineering [26], composite materials [27], laser cutting [28],
measurement science [29], metal cutting [30], and friction stir processing [31] to name a
few. Different FSW technologies have unique welding parameters and conditions, making
modeling the process challenging and time intensive. Machine learning (ML) approaches
are proposed for modeling FSW due to their ability to understand the relationship between
control variables and welding process responses during training, as they can learn from
mistakes [32].

The review paper explores the advancements in flexible welding (FSW) for marine
applications, highlighting its advantages over conventional methods. It discusses improve-
ments in joint strength, corrosion resistance, fatigue performance, FSW equipment, material
selection, corrosion mitigation, surface protection, and machine learning approaches. It
suggests future research and emphasizes the importance of considering environmental and
economic factors in FSW implementation.
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2. Fundamentals of Friction Stir Welding

FSW is an advanced solid-state welding technique that creates strong, high-quality
joints between metals without melting them. It employs a specialized tool with a shoulder
and a rotating pin [33,34]. As the tool is plunged into the joint, friction generates heat,
softening the material without liquifying the material. This results in a plasticized zone
where the material becomes adaptable, allowing for grain refinement and mixing [35]. The
tool’s rotation stirs and blends the material, forming a defect-free joint as it propagates
along the weld line. FSW is particularly useful for joining materials such as aluminum and
other non-ferrous alloys, providing superior strength and minimal distortion and making
it valuable in the aerospace and automotive industries alongside many others [36–39].
Figure 1 shows a schematic diagram of the FSW process.

Figure 1. Schematic of the FSW process.

2.1. Tool Design and Material Flow in the FSW Process

The FSW tool consists of two main components, the shoulder and the pin; each is
designed for specific welding processes. The shoulder, larger and flat, provides downward
force for holding workpieces together, whereas the pin is suitable for thinner materials [40].
The shoulder is typically made from a wear- and heat-resistant material, such as tungsten
carbide [41–43]. FSW tools often have cooling systems to dissipate the heat generated
during welding, ensuring tool life and reducing the frictional forces and heat [44,45]. The
pin is the smaller, threaded or profiled part of the tool that penetrates the joint. The size
and profile of the pin are crucial for controlling material flow and ensuring the desired joint
properties [46]. The pin, made from wear- and heat-resistant material, should be chosen
based on the joint requirements and operating conditions. The pin rotates during welding,
affecting the material flow and weld characteristics. Proper selection of profile, rotation
direction, and speed is crucial for joint quality [47–49]. FSW tools with retractable pins
control the penetration depth during welding and are useful for materials with varying
thicknesses or joint control. Thread design affects material mixing and flow. Threaded
pins [50] are often used to enhance material mixing and improve joint quality.

The FSW process significantly influences the quality and integrity of a weld by control-
ling the material flow within the plasticized zone, a region of the workpiece that becomes
soft and pliable due to frictional heat generated by the rotating tool. This material flow can
be described as shown in the Figure 2.



J. Mar. Sci. Eng. 2024, 12, 71 4 of 30

Figure 2. Different welding zones in the FSW process [51].

The rotating FSW tool generates frictional heat, softening material around it and
creating a plasticized zone. This process breaks down grain structure, resulting in a
finer weld zone and eliminating defects such as voids and inclusions, a common issue
in traditional fusion welding. The FSW tool promotes metallurgical bonding, forming a
strong, defect-free joint. As it progresses, the material solidifies forming the weld joint,
with the “weld nugget” achieving highest strength [51].

2.2. FSW in Marine Applications

FSW is increasingly being used in marine applications due to its durability, corro-
sion resistance, and structural integrity, making it an attractive choice for welding and
fabricating components such as hulls and bulkheads [52]. The FSW welding method ex-
tends the vessel and component lifespan in marine applications due to minimal heat input
and low distortion, reducing intergranular and stress corrosion issues. This is advanta-
geous in marine environments where there is exposure to saltwater and harsh weather
conditions [53,54].

FSW is a solid-state welding process that generates significantly less heat compared
with fusion welding methods such as arc welding. This results in the reduced distortion [55]
and warping of components, ensuring tighter dimensional control and alignment, which
is crucial in shipbuilding to maintain the integrity and hydrodynamics of the vessel. It
also produces high-quality, defect-free welds with no solidification-related defects such
as porosity or hot cracking [56]. Fusion welding (FSW) ensures structural integrity and
minimizes post-weld inspections. It can join dissimilar materials such as aluminum to steel
or copper alloys to aluminum, optimizing the weight, strength, and corrosion resistance in
marine applications, unlike traditional methods [57–60].

2.3. Parameters Influencing the FSW Process

The FSW process is influenced by key parameters that determine the weld quality and
efficiency. Optimizing these parameters for specific applications is crucial for producing
high-quality, defect-free welds with the desired mechanical properties [61,62]. Adjusting
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these parameters allows for flexibility in FSW, making it a versatile technique for joining a
wide range of materials and components.

The rotation speed of an FSW tool significantly impacts heat generation, material
softening, and flow. Higher speeds can speed up welding but may increase tool wear and
decrease material flow control. Traverse speed allows a thorough mixing and material flow
but increases heat input and cycle time. Faster traverse speeds may reduce heat input but
may also lower joint quality [63–65].

The materials from which the FSW tool is made can significantly impact the process.
Tool materials must have high wear resistance and withstand the mechanical and thermal
stresses of the welding. Common tool materials include tungsten carbide [41,44], tool
steel [66], and cermet materials. The tool material choice should be compatible with the
workpiece materials to prevent contamination and facilitate proper material flow.

The design of the FSW tool, including the pin and shoulder shape, impacts the material
flow, heat generation, and joint quality. The pin profile and shoulder size are customized
for specific applications. Tilt angles can optimize welding processes for different materials
and joint configurations [67,68]. The applied downward force that is exerted by the FSW
machine affects the material contact and friction between the tool and the workpieces. It
must be carefully controlled to ensure proper material flow and joint quality [69]. The
material used in welding significantly influences the FSW process, affecting tool parameters
and requiring adjustments for thicker materials or complex geometries.

Some FSW setups incorporate cooling systems to regulate the temperature during
welding. Proper cooling can help manage the heat generated and prevent material over-
heating or tool wear [70]. The welding environment, such as the presence or absence of
inert gases [71] or shielding [72], can also affect the FSW process, particularly for materials
prone to oxidation.

3. Friction Stir Welding for Marine Applications

FSW is a highly efficient marine welding method used for combining metals that
produces superior-quality welds due to its reduced distortion, enhanced mechanical qual-
ities, and increased corrosion resistance, making it preferred for ship construction [73].
Feistauer et al.’s study evaluated the mechanical properties of FSW on tailor-welded blanks
(TWB) in the shipbuilding industry. They used a digital image correlation method to de-
scribe the joints made from different Al–Mg alloys. The joints showed superior performance
compared with AA5059 base material and showed strength to 70 MPa [74]. Aluminum is
commonly used in complex marine construction due to its high strength-to-weight ratio,
low density, corrosion resistance, ease of fabrication, and recycling [75]. Researchers have
optimized the friction stir welding of the aluminum plates AA5052-H32, achieving an
efficiency of 93.51% at a 1.5◦ tilt angle, promising applications in shipbuilding [76]. The
Taguchi method was used to optimize the performance of aluminum 5451 alloy structures
in marine applications, achieving a maximum hardness of 81.056 HV and a tensile strength
of 160.6907 MPa [14].

Figure 3 illustrates the use of friction stir welding (FSW) in marine applications,
particularly in shipbuilding, where higher efficiency and corrosion resistance are required.
Konkol PJ et al.’s study on FSW in shipbuilding demonstrated the techniques potential for
ferrous alloy applications. They successfully achieved single-pass and two-pass weldments
in HSLA-65 steel that demonstrated satisfactory properties such as transverse tensile
strength, ductility, and corrosion resistance [77]. Corrosion significantly impacts structures
and weakens joints during welding processes; however, FSW provides leakproof and
corrosion-resistant welding joints. D.M. Sekban et al.’s study on the FSW of low-carbon
steel plates in shipbuilding found improvements in microstructure, hardness, mechanical
strength, ductility, formability, and corrosion resistance [78]. FSW is a popular method for
subsea pipelines, providing a strong, seamless joint and reducing the need for traditional
underwater welding techniques. It offers enhanced structural integrity (tensile strength:
218 MPa) and corrosion resistance (32 VHN), making it suitable for marine environments. A
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study comparing UWFSW and traditional FSW on AA 6063 pipes found UWFSW superior
due to higher tensile strength, corrosion resistance, and durability [79]. UWFSW offers
improved corrosion resistance and higher tensile strength and nugget-zone hardness,
making it a promising technique for marine applications and enhancing the structural
integrity and durability of welded pipes [79,80]. Underwater FSW (UWFSW) on an Al
6063 alloy demonstrated a high efficiency of 92.7% for ultimate tensile strength at a 4 rpm
traverse speed and a 1800 rpm rotational speed, with excellent mechanical properties such
as a fine grain structure and low porosity [81]. Friction stir welding (FSW) is a versatile
welding method used in various sectors, including offshore structures for dependable
connections and propellers for increased strength and durability, that ensures connections
can withstand marine conditions [82]. A study on friction-stir-welded joints in DH36 steel
revealed that marine-grade FSW outperformed fusion welds, suggesting the potential use
of a recently developed S-N curve in fatigue assessment guidelines for low-alloy steel
FSW [83].

Figure 3. Application areas of FSW in marine engineering.

FSW is crucial for underwater maintenance and repairs of offshore infrastructure,
including pipelines and oil rigs. It can also prevent corrosion-related damage and ensure
structural integrity in difficult aquatic environments [84]. A study by Lader SK et al. found
that the UWFSW of brass and aluminum alloy lap joints produced stronger joints, a better
microstructure, and fewer welding faults, with tensile strength improvements of 42%, 30%,
and 50% compared with C-FSW [85].

4. Recent Technological Advancements in Friction Stir Welding

The last decade has seen a rise in friction stir welding for marine applications. Several
developments have been seen in terms of tooling and fixtures, the welding technique
(especially in-service repair), material combination for high-strength alloys and dissimilar
metals, the optimization of welding conditions, improved corrosion resistance, the use of
AI and robotics in marine applications, etc., [86,87].

4.1. Developments in Friction Stir Welding Tools and their Design

The friction stir welding setup has evolved over the past five years, with studies
comparing double shoulder with spiral pin and double spiral tools on the shoulder. The
results showed that spiral pins on the shoulder degrade the weld quality and strength,
leading to a poor joint and internal cracks [15]. A study on the impact of the tool plunging
rate on the mechanical and surface properties of the DMR294A high-strength alloy found
that an increased plunging rate had a negative effect on the mechanical properties [88].

The tool profile significantly influences the mechanical and morphological properties
of friction-stir-welded alloys. A study found that the square pin profile was superior to
other profiles tested for the AA6061-T6 alloy, indicating that the tool design significantly
influences the surface profile and internal stress during FSW, making it a crucial variable
in FSW [89]. A study developed a new static shoulder friction stir welding (SSFSW) tool
to mitigate the grain coarsening caused by friction and excessive temperature. The tool,
which included rotating and non-rotating shoulders, was tested under various friction stir
welding conditions. The results showed that the tool reduced internal stresses, increased
γ-fiber presence, and improved formability by 7.2% [90]. Figure 4 shows the developed
novel tool that held many subparts, as depicted in the figure.
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Figure 4. Developed novel SSFSW tool: (a) rotating pin, (b) non-rotating outer assembly, (c) connect-
ing strip part, (d) assembly of the tool, (e) assembled tool with connecting strip, and (f) real-time tool
on machine (reused with permission from Ref [90]).

A study analyzed the heat behavior near joints using numerical modeling for three types
of tools: pinless, shoulderless, and complete tools with a shoulder and pin. Pinless tools
produced lower temperatures, with almost 90% of the required temperature produced by
the shoulder alone. The study found that the presence of both a shoulder and a pin in
the tool caused strain in the heat zone, with lower strains observed for the pinless and
shoulderless tools [91]. One of the studies suggested the use of a pneumatic-powered FSW
tool. The study found that pneumatic-powered FSW tools could be used for polymeric
welding, the repair of motorboats and car bumpers, and onsite repairs, etc., [92]. A study
recommends using a thin-walled steel tool for FSW and working at different rotational speeds
and contact times. A conical and slim tool geometry with small shoulders is recommended
for the speedy penetration and deep plunging of workpieces [93]. Figure 5 shows the conical
geometry of the FSW tool optimized for the better mechanical strength of joints. A study
found that the shoulder area generally has lower temperature generation than the pin area,
despite its dominant role in workpiece temperature generation [94]. A study linked the tool
contact pressure to process void defects and observed a decrease in tool service life with
increasing the tool rotational speed [95]. The study tested tool eccentricity and welding speed
on three eccentric points (0, 0.2, and 0.8 mm) for constant rotation at 600 rpm and varying
welding speed from 100 to 500 mm/min, determining maximum joint strength [96].

FSW is a process that affects the surface profile and internal stress created during
the welding process. Spiral pins on the shoulder have been found in studies to reduce
weld quality and strength, resulting in weak joints and interior cracks. The tool plunging
rate also affects the mechanical and morphological properties of FSW alloys. According
to one study, a square pin profile for the pin was superior to the other profiles studied.
The surface profile and internal stress were also influenced by tool design. A new static
shoulder friction stir welding (SSFSW) tool was developed in order to prevent the grain
coarsening caused by friction and high temperatures. Heat generation and dissipation are
influenced by the tool shoulder and pin. One study created a way for connecting HDPE and
carbon black CB materials using the FSW process. The research team created a novel tool
with a shoulder and a tool guide to construct flange-to-pipe couplings. Figure 6 depicts the
designed tool, which is made from H13 steel. The newly invented too l was utilized to weld
the tube to the rectangular sheet in order to create leakproof flange-to-pipe junctions [97].



J. Mar. Sci. Eng. 2024, 12, 71 8 of 30

Figure 5. Optimized tool for speedy penetration and deep plunging (reused with permission from
Hossfeld, Ref [93]).

Figure 6. Newly designed tool to weld HDPE–CB material for flange-to-pipe joints (reused with
permission from Ref [97] http://creativecommons.org/licenses/by-nc-nd/4.0/ accessed on 13
December 2023).

Researchers have investigated FSW utilizing a cryogenic setup in which −196 ◦C
liquid nitrogen was employed to enhance the FSW process. The tensile and hardness
parameters of the welded ZE42 magnesium alloy improved by 41% and 35%, respectively,
according to the study. The study also discovered a reduction in sample wear properties
when welded with a cryogenic FSW setup over the standard FSW technique. The FSW
system was modified using a liquid nitrogen hose pipe delivered to the welding zone.
Figure 7 shows a modified FSW setup for ZE42 magnesium alloy welding [98].

A similar type of study has a modified setup using a cooling media in circulation
below the base plate to be welded. The study observed proper grain growth when welding
with cooling media compared with normal FSW [99]. Figure 8 shows the designed setup
with the cooling media attachment below the base plate. One study employed a pneumatic
arrangement to rotate the tool for the FS welding of polymeric samples with an ABS-based
consumable tool for polymeric sheets. The study modified a pneumatic machine holder to
hold the tool, which was replaced by a chuck base arrangement [100].

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 7. Modified setup of FSW with a cryogenic setup (reused with permission from Ref [98]
http://creativecommons.org/licenses/by-nc-nd/4.0/accessed on 13 December 2023).

Figure 8. Schematic for the indirect cooling of the workpiece setup for FSW.

Senff and Volk [101] proposed a combination of compound casting and an FSW setup
for the bimetal joining of aluminum and steel specimens. According to the findings of the
study, if steel specimens are placed in the pressure die casting process and the resulting
specimens are then subjected to the FSW technique at the boundary of the AL and steel
material, the joining strength can be attained as required. Akbari and Asiabaraki [102]
optimized the forces generated by the FSW setup using a newly designed fixture. The
forces produced by the FSW setup when welding the specimen were proportional to the
joint strength, welding circumstances, and tool shape.

4.2. Material Combination and Process Optimization Developments

FSW has been in high demand to weld various dissimilar materials. These various
materials play an important role in industrial applications. The need for FSW, or the
process of combining different materials, has increased noticeably over the last ten years.
This is mostly due to the unique advantages that these materials offer, such as improved
strength, higher corrosion resistance, and increased design freedom. It is expected that
the importance of welding dissimilar materials using FSW will grow even more in the
next few years as companies continue to investigate new applications and technological
improvements [103].

http://creativecommons.org/licenses/by-nc-nd/4.0/accessed
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Noga et al. [104] used electron beam welding as well as an FSW setup to connect an
EN AW6082 T6 alloy. A rotational speed of 710 rpm and a welding speed of 355 mm/min
were used for the FSW. The mechanical strength of the joints was lower than that of the
parent metal. FSW had a higher peak elongation (7.2%) than an EBM-welded workpiece
(2.7%), despite the fact that EBM-welded workpieces had higher mechanical strength and
brittleness than FSW-welded samples [104]. Liu et al. [105] investigated the microstructural
evolution of AA1050 Al alloy FSW. According to the study, the temperature profile of FSW
becomes constant during the acceleration stage. Similarly, as minute changes in the range
of crystal growth were observed, velocity grain recrystallization and plastic deformation
reached a state of equilibrium. Grain coarsening began in the final step of low acceleration
thermal activation [105].

Singh and Kumar [106] devised a revolutionary procedure in which they added a
cooling tank to the bottom of the welding plates. The FSW bead was cooled using air, water,
and cooling media in the study. The study discovered that the quenching of the parts and
thinning of the weld part were the main challenges for the direct cooling of the workpiece,
but the new configuration devised and used in the study alleviated the issue, allowing the
FSW setup to maintain uniform heating and cooling. The highest strength for the ICFSW
process was found to be 153.16 MPa at a 500 rpm tool rotation.

One of the research projects focused on the optimization of FSW working conditions
for AA-7075-T651 Al alloys with a sheet thickness of 6 mm. For the FSW method, a non-
consumable tool pin made from H13 tool material was used. The study determined that
the best FSW working conditions were 800 rpm and a 50 mm/min feed rate. The weld
zone material had a maximum strength of 278 MPa, which was 50% of the strength of the
foundation material [107]. The effect of multi-pass roll and annealing on FSW samples of
AZ31 alloy was studied by researchers. The study discovered that multi-pass hot rolling
and annealing had a good effect on the mechanical qualities of the welded junction. The
sample’s ultimate strength increased from 308 MPa to 383 MPa, whereas the percentage
elongation increased from 17.5 to 21.3 [108].

One study optimized the operating conditions of FSW for AA5052 thin plate. The
study found a tool rotation of 350 rpm, 900 Kg of axial load, and 550 mm/min of welding
speed as the standard optimum FSW running conditions [109]. A study performed by
Kumar et al. [110] observed that when the traverse speed of welding was increased keeping
the tool rotation constant, the process adversely affected the mechanical strength of the
welded joint. Vallavi and Madhavan explored the FSW of dissimilar alloys of Al grade
AA6082 and AA5052. The study observed that the pin profile had a significant impact
on the mechanical characteristics of the prepared weld. A maximum strength of 185 MPa
was observed for the square type of pin profile, which had the highest joint efficiency of
96.35% [111]. Laska and others performed an experimental investigation on the corrosion
behavior of dissimilar material welds of AA6082 and AA6060 in the presence of NaCl ions
as the Cl- ion initiates the corrosion of the material under seawater conditions. The study
observed an increase in the grain length in comparison with the base metal in the weld
zone with increased residual stresses. The higher linear feed rate of 200 mm/min resulted
in low residual stresses [112].

One study looked at dissimilar FSW welds for AA6082 and AA5456 plates. The gray
relational analysis technique was employed in the study to turn the multi-objective task
into a single single-objective study. The study’s findings indicate that the tool speed is the
most important parameter in comparison with other variables such as traverse speed, tool
profile, tilt angle, and so on. The study recommended improved FSW, running settings of
200 mm/min traverse speed, 1000 rpm tool rotation speed, 10 tool tilt angle, and a 4 mm
depth of pin. The results also revealed that a straight pin with the optimal conditions
outperformed the threaded and taper pin profiles [113]. Datta et al. compared submerged
FSW with conventional FSW by increasing the welding speed from 30 to 60 mm/min at
15 min intervals while maintaining the tool rotation constant at 1200 rpm. In the case of
conventional FSW, the results indicated that the maximum strength was observed with a
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maximum welding speed of 60 mm/min. In the instance of underwater FSW, a 45 mm/min
traverse speed gave the samples the maximum mechanical strength [114].

Other authors explored dissimilar FSW for A6061 and AA7075 Al alloys and optimized
the process parameters. The study suggested that a tool rotation of 1164 rpm, tool traverse
speed of 32 mm/min, and a SiC particle in FSW weld zone of 8.7 percent by volume
led to the maximum tensile strength of the joint of 252 MPa and a microhardness of
178HV [115]. Similarly, another study looked at how the plate position affected the FSW
properties for AA6061 and AA6082. When AA6082 was placed on the advancing side of
FSW, the mechanical strength increased. Along the weldment sample of AA3082-AA6061,
a maximum tensile strength of 218 MPa was found [116]. A comparable study looked at
the influence of placement on the mechanical properties of AA1050-H14 and AA6082-T6
Al alloys. The study discovered that when AA1050-H14 was positioned on the advancing
side, the joint had higher mechanical strength under the same processing conditions as
FSW (tool rotation of 1200 rpm, traverse speed of 40 mm/min, and tool tilt of 20) [117].

Wang and Xu investigated the effect of a unique heat treatment procedure on grain
coarsening in an Al2219 alloy. The investigation used an intermediate heat treatment
technique that involved heating and annealing the FSW workpieces. Following the solution
treatment of the weld nugget, the study used heat treatment. The study discovered that this
intermediate heat treatment technique improved the weld strength by 20%. Crack propaga-
tion along the grain boundary was discovered to decrease during the process [118]. Using
the FSW technique, one study presented a novel strategy for welding tubular components.
The researchers proposed a new tool design with a concave shoulder and angles of 30, 60,
and 90. The 30◦ concave tool demonstrated the maximum strength with the fewest pores.
Surface roughness was improved for greater angle concavities [119].

Jain and Mishra worked on joining AA6061 and AA7075 using the FSW technique and
Al2O3 reinforcement as a particle in the weld zone. The study focused on the optimization
of tool rotation speed, traverse speed, and Al2O3 volume percentage. The results of the
study suggested a tool speed of 971 rpm, a traverse speed of 40 mm/min, and an Al2O3 vol
percentage of 10% as the optimum processing conditions, with a maximum joint strength
of 226.2 MPa and a microhardness of 144.3 HV [120]. One study evaluated the corrosion
behavior of an FS-welded Al6061-T6/AZ31 dissimilar alloy by varying the pH values of
the testing environment. Maximum corrosion was observed for sample A1 (a tool rotation
of 560 rpm and a traverse speed of 16 mm/min), with the lowest pH value of 2. The
study established that with increasing welding speed there was a decrease in the corrosion
rate. Cryogenic Charpy testing at −40 ◦C for the samples showed that with a decrease
in temperature, the sample held a lower impact strength that reduced by up to 57% for
sample A2 (FS-welded with a speed of 20 mm/min) [121].

In one study, the authors evaluated the optimized conditions of formability for the
FSW of dissimilar materials of AA6061 and AA2017 using simulation and the experimen-
tal environment. The study observed a tool rotation of 1300 rpm, a traverse speed of
20 mm/min, and a tool tilt angle of 1◦ were the optimized conditions for joining dissimilar
materials through FSW in comparison with any other conditions tested in the study [122].
A similar study was performed on the evaluation of the curvature radius of the tool on
weld performance. The study observed a curvature radius of less than 7 mm resulted in
the accumulation of the welding material. A curvature radius of 7 mm was observed to be
a critical value, as a decrease in this value resulted in poor joint performance and values
above it resulted in better strength [123]. The researchers also evaluated the effect of pin
eccentricity on weld joints for AA5754-H111 and AA6101-T6 alloys. The study observed
that a 900 rpm tool rotational speed, a traverse speed of 40 mm/min, and a pin eccentricity
of 0.35 mm were the optimized conditions for the FSW of the dissimilar alloys selected for
the study [124].

Table 1 shows the summary of the studies performed under technological advancement
in recent years for the optimization of the processing conditions of the FSW process.
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Table 1. Summary table for the technological advancement of optimization work.

S. No. Research Focus Key Findings Author and
Reference

1 Joining EN AW6082 T6 alloy using EBM
and FSW.

EBM resulted in high mechanical strength but brittle nature.
FSW had better peak elongation. [104]

2 Microstructural evolution of the FSW of
AA1050 Al alloy.

The temperature profile stabilized during the acceleration stage.
Balance stage for grain recrystallization and deformation. [105]

3 Development of a novel FSW technique with
cooling tank.

Novel setup improved uniform heating and cooling. Maximum
strength was observed at 153.16 MPa for the ICFSW process. [106]

4 Optimization of FSW conditions for
AA-7075-T651 Al alloys.

Optimal conditions: 800 rpm tool rotation and 50 mm/min
feed rate. Maximum strength of 278 MPa. [107]

5 Effect of multi-pass rolling and annealing on
FSW of AZ31 alloy.

Improved ultimate strength from 308 MPa to 383 MPa with
increased elongation. [108]

6 Optimization of FSW conditions for AA5052
thin plate.

Standard optimum conditions: 350 rpm rotation, 900 Kg axial
load, and 550 mm/min welding speed. [109]

7 Effect of increased traverse speed on the
mechanical strength of FSW joints.

Increased traverse speed negatively affected
mechanical strength. [110]

8 FSW of dissimilar alloys (AA6082 and
AA5052) with different pin profiles.

The square pin profile yielded maximum strength (185 MPa)
with 96.35% joint efficiency. [111]

9 Corrosion behavior of dissimilar material weld
(AA6082 and AA6060).

Increased linear feed rate (200 mm/min) reduced
residual stresses. [112]

10 Evaluation of dissimilar FSW weld for AA6082
and AA5456 plates.

Optimized conditions: traverse speed 200 mm/min, tool
rotation 1000 rpm, tool tilt angle 1◦, and depth of pin 4 mm.
A straight pin profile was the best.

[113]

11
Comparison of underwater FSW and
conventional FSW with varying
welding speeds.

Conventional FSW at 60 mm/min had maximum strength.
Underwater FSW at 45 mm/min yielded the best results. [114]

12 Dissimilar FSW for A6061 and AA7075 Al
alloys with optimized process parameters.

Optimal parameters: 1164 rpm tool rotation, 32 mm/min
traverse speed, 8.7% SiC particles. Max tensile strength of
252 MPa and a microhardness of 178 HV.

[115]

13 Effect of plate position on FSW weld
characteristics for AA6061 and AA6082.

Better strength with AA6082 on the advancing side. Max
tensile strength of 218 MPa along the weldment sample. [116]

14 Positioning effect on mechanical properties of
AA1050-H14 and AA6082-T6 Al alloys.

AA1050-H14 on the advancing side resulted in better
mechanical strength. (Tool rotation: 1200 rpm, traverse speed:
40 mm/min, tool tilt: 2◦).

[117]

15 Novel heat treatment process effect on grain
coarsening for Al2219 alloy.

The intermediate heat treatment process improved weld
strength by 20% and reduced crack propagation along the grain
boundary.

[118]

16 Welding tubular components using the FSW
technique with a novel tool design.

3◦ concave tool design yielded maximum strength with
minimum pores, while higher concavities improved surface
roughness.

[119]

17 Joining of AA6061 and AA7075 using FSW
with Al2O3 reinforcement.

Optimal conditions: 971 rpm tool speed, 40 mm/min traverse
speed, and 10% Al2O3 volume percentage, resulting in a
maximum joint strength of 226.2 MPa and a microhardness
of 144.3 HV.

[120]

18 Corrosion behavior of FSW-welded
Al6061-T6/AZ31 dissimilar alloy.

Maximum corrosion for sample A1 with the lowest pH value of
2. Increasing welding speed led to a decreased corrosion rate.
Impact strength is reduced with decreasing temperature.

[121]

19 Formability for FSW for a dissimilar material
of AA6061 and AA2017.

Optimized conditions: 1300 rpm tool rotation, 20 mm/min
traverse speed, and 1◦ tool tilt angle. These conditions
provided the best joint in comparison with other conditions.

[122]

20 Impact of the curvature radius of the tool on
weld performance.

A curvature radius of less than 7 mm resulted in an
accumulation of welding material. A 7 mm curvature radius
was critical, with values below it leading to poor joint
performance and values above it improving strength.

[123]

21 Effect of pin eccentricity on weld joint for
AA5754-H111 and AA6101-T6 alloy.

Optimized conditions: 900 rpm tool rotational speed, 40
mm/min traverse speed, and 0.35 mm pin eccentricity for the
FSW of dissimilar alloys.

[124]

FSW (flexural welding) is gaining popularity due to its strength, corrosion resistance,
and design freedom. It can join dissimilar materials such EN AW6082 T6 alloy, AA1050 Al
alloy, and AZ31 alloy. Researchers have developed new techniques for cooling FSW beads,
such as indirect cooling (ICFSW) and optimized operating conditions for various materials.
Multi-pass roll and annealing have improved the mechanical properties of welded joints
and heat treatment processes have been explored for grain coarsening in the Al2219 alloy.
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4.3. Use of Machine Learning and Artificial Intelligence (AI) in Friction Stir Welding

FSW, a solid-state welding and material processing method, is being optimized and
increased through simulation and machine learning. This process is used in the aerospace,
automotive, and materials research industries. Machine learning helps researchers analyze
large data volumes, adjust process parameters, and predict outcomes. Simulation mod-
els enable virtual testing, reducing the need for expensive physical trials. This leads to
faster development for better FSW processes, improved material characteristics, and lower
manufacturing costs.

One study has utilized machine learning to predict the mechanical strength of a FSW
weld joint using the dissimilar alloys AA5083 and AA5061. It considered 11 input process
parameters and used Gaussian process regression and support vector machine models. The
model was found to be more accurate than the other suggested models [125]. A similar
study used the decision tree, random forest, and XGBoost models to predict the mechanical
properties of the AA6061-T6 alloy. Among all the tested models, the XGBoost model
gave an accuracy of more than 95% [126]. Over the past decade, machine learning has
been utilized for predicting FSW in various fields, including joint strength prediction, tool
failure analysis, and optimizing the processing conditions [127]. In one of the studies, a
hybrid approach was used by blending the three different techniques of SVM, relevance
vector machine (RVM), and least square SVM. The predicted R2 value suggested a hybrid
approach using the least square SVM-RVM model gave the highest accuracy in predicting
the mechanical strength and hardness as response variables [128].

One study tried to form a relationship model using a machine learning approach for
FSW weld characteristics and tool condition monitoring (TCM). To predict the tool condition
vibrational data, the machining condition was taken as an input using an accelerometer. The
study also observed the light-gradient-boosted machine classifier (LGBMC) model worked
better than the other tested ML models [129]. A similar study proposed an improved
XGBoost classifier algorithm for the prediction of processing conditions leading to a low
void formation in the weld zone. The proposed hybrid model gave 90% accuracy in
predicting the voids in the FSW process in comparison with other models [130]. The
solidification of the FSW process causes various problems with weld strength. One study
predicted the ultimate tensile strength of the AA2050 alloy by first optimizing the FSW
welding process parameters using ANOVA and response surface approach regression
models. To forecast the outcome, the same DOE model was utilized to generate an ML-
based model. According to the study’s findings, the K-Fold cross-validation method
delivered the highest accuracy compared with other ML models [131].

Similarly, the support vector regression model (SVR) was found to be the best ML
model for estimating the FS-welded sample’s ultimate tensile strength (UTS) and exten-
sion/elongation. Furthermore, SVR in conjunction with the particle swarm optimization
(PSO) technique (SVR-PSO) provided the fastest convergence in comparison with other
metaheuristics model combinations (such as differential evolution (DE) and genetic algo-
rithm (GA)) [132]. A previous study has shown that a data-driven approach can also be used
to predict the mechanical behavior of FS-welded AA6061-T6 alloys. The authors employed
deep learning approaches, namely long short-term memory (LSTM) and a gated recurrent
unit (GRU) for the accurate prediction of mechanical behavior. A GRU deep learning model
predicted the properties with more accuracy and showed the fast response [133].

A similar deep learning model, viz. the ensemble deep learning technique, was used
by researchers to predict the weld quality by preparing an ML model based on images
of the weld seam for different conditions. Five different CNN models were combined to
form an ensemble heterogenous model of deep learning. A large data set of 1664 weld
seam images were processed to train the deep learning model. The model was tested for
AA5083 and AA5061 dissimilar alloy welding. The used model predicted the output with
96% accuracy [134]. The researchers also explored deep learning (DL)-based deep multi-
layer perceptron (DMLP), an LSTM model for the prediction of an optimized condition of
working for mechanical strength. The DMLP model used in the study was observed to be
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better than the other DL-based techniques, such as the shallow artificial neural network
(SANN) and ANFIS models that have a higher error [135].

One study has established a wavelet transformation approach for dissimilar welding
characteristics prediction by tracking the force and toque signals when welding Al and Cu
dissimilar materials. Different types of signals such as original, approximate, and sum of
detail were taken as the bases for processing the values and predicting the output. The
study suggested a relationship between the detailed signals and the bead structure and the
sum of detail signals and weld microstructure [136].

A similar study used the DNN approach by employing recurrent neural network
(RNN), CNN, and RWTH cluster models to predict the weld defect. The study observed that
the bidirectional LSTM model had an accuracy greater than 95% for weld defects bigger than
0.08 mm when used for a single type of material and thickness of the Al alloy. Additionally,
when the classification model was employed on multi-materials, the accuracy dropped
to below 90% [137]. One group of authors explored the backpropagation neural network
(BPNN) to predict the strength along with the optimization of FSW processing condition
for the Al 2195 alloy. Four-dimensional mapping of output with the processing condition
was established with 92% accuracy of the established model. The study suggested a tool
rotation of 1810 rpm, a traverse speed of 115 mm/min, and 3 KN of welding pressure as the
optimized conditions of FSW processing with a maximum tensile strength of 415 MPa [138].
Similarly, one study developed artificial intelligence (AI)-based models for predicting the
mechanical strength of the FSW weld [139]. From the literature, it has been observed that
the basic models that have used AI and deep learning have employed the KNN, RNN,
LSTM, XGBoost, DMLP, GRU, GA, SVM, etc., models for generating relationships between
the process variable and output signal. Table 2 shows the summarized output of the
technological advancement in AI and machine learning tools for FSW processing.

Table 2. Summary table for technological advancement in AI and machine learning for FSW.

S. No. Research Focus Key Findings Reference

1 Mechanical strength prediction for AA5083 and
AA5061 dissimilar alloys in FSW weld joints

The model used in the study was more accurate than other
suggested models. [125]

2 Mechanical properties prediction for AA6061-T6 alloy XGBoost model gave an accuracy greater than 95%. [126]

3 Various applications of machine learning in FSW
The hybrid approach using least square SVM-RVM

provided the highest accuracy in predicting mechanical
strength and hardness.

[128]

4 Relationship model for FSW weld characteristics and
tool condition monitoring (TCM) LGBMC worked better than other tested ML models. [129]

5 Prediction of void formation in the FSW process The hybrid model gave 90% accuracy in predicting voids in
the FSW process. [130]

6 Prediction of ultimate tensile strength for AA2050 alloy K-Fold cross-validation provided the highest accuracy. [131]

7 Prediction of ultimate tensile strength and elongation
of FS-welded samples SVR-PSO gave the fastest convergence. [132]

8 Deep learning for predicting mechanical behavior in
AA6061-T6 alloys

GRU deep learning model predicted properties with high
accuracy and a fast response. [133]

9 Prediction of weld quality based on images The model achieved 96% accuracy for dissimilar
alloy welding. [134]

10 Deep learning for prediction of optimized working
conditions for mechanical strength

DMLP model outperformed other deep
learning techniques. [135]

11 Wavelet transformation for dissimilar welding
characteristics prediction Relationship between signal types and output. [136]

12 Deep learning for predicting weld defects Bi-directional LSTM achieved accuracy greater than 95%
for specific conditions. [137]

13 Prediction of strength and FSW processing condition
for Al 2195 alloy

Established a 92% accurate model for FSW processing
conditions. [138]

14 AI-based models for predicting mechanical strength in
FSW welds

Various AI and deep learning models are used for
relationship modeling between process variables and

output signals.
[139]

FSW, a method for solid-state welding and material processing, is being optimized
and increasing in efficiency through simulation and machine learning. Simulation models
enable virtual testing and FSW outcome prediction, reducing the need for expensive
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physical trials. Machine learning has been used for predicting FSW in areas such as joint
strength prediction, tool failure analysis, and optimization of processing conditions. A
hybrid approach blending SVM, RVM, and least squares SVM was used for high accuracy
when predicting mechanical strength and hardness. Deep learning approaches such as
long short-term memory (LSTM) and gated recurrent unit (GRU) have been employed for
accurate mechanical behavior prediction. A wavelet transformation approach has been
developed for dissimilar welding characteristics predictions. DNN approaches, including
the recurrent neural network (RNN), CNN, and RWTH cluster models, have been used to
predict weld defects and optimize the FSW processing conditions. Artificial intelligence
(AI)-based models have also been developed for FSW processing, employing the KNN,
RNN, LSTM, XGBoost, DMLP, GRU, GA, and SVM models to generate relationships
between the process variables and output signals.

5. Microstructural and Mechanical Characterization

Friction stir welding (FSW) is a solid-state welding process that can cause microstruc-
tural and mechanical changes in friction-stir-welded (FSWed) joints. The stirring action
refines grains, resulting in microstructural changes that affect the weld’s mechanical
properties [140]. Mechanical properties such as the hardness, tensile strength, and tough-
ness are affected, making FSW joints suitable for marine applications. Therefore, studying
both mechanical and microstructural properties of FSW joints is crucial.

5.1. Microstructural Changes Occurring during FSW

The recrystallization and texture development in the stirred zone during FSW is accred-
ited to the collective effects of intense plastic deformation as well as the high-temperature
exposure [141–143]. Similarly, the dissolution of precipitates and their subsequent coarsen-
ing are observed within and around the stirred zone [144]. The alterations in microstructure
within different zones have a substantial impact on the mechanical properties seen af-
ter welding. Consequently, numerous researchers have conducted investigations on the
microstructural evolution that occurs during FSW [35,37,145,146]. Three unique zones,
namely the stirred (nugget) zone, thermomechanically affected zone (TMAZ), and heat-
affected zone (HAZ) [147,148], have been discovered based on the microstructural char-
acterization of grains and precipitates, as depicted in Figure 9 [147], Figure 10a [149] and
Figure 10b [150].

FSW produces a refined microstructure in the stirred zone due to intense plastic
deformation and frictional heating. The most affected area is the nugget zone, also known
as the weld nugget or dynamically recrystallized zone (DXZ). The boundary between
the recrystallized nugget zone and the parent metal shows a gradual transition on the
tool’s moving side and a more distinct demarcation on the tool’s moving side [150]. The
nugget zone, a part of a material, can be categorized into two types: a basin-shaped nugget,
which widens towards its upper surface, and an elliptical nugget, which is elliptical. The
morphology of the nugget zone varies based on processing parameters, tool geometry,
workpiece temperature, and material thermal conductivity.

The phenomenon of dynamic recrystallization during friction stir welding is widely
acknowledged to lead to the formation of fine and equiaxed grains within the nugget
zone [151]. The size of the recrystallized grains in FSW materials is significantly influenced
by various factors, including the FSW parameters, tool geometry, composition of the
workpiece, temperature of the workpiece, vertical pressure, and active cooling. The size of
the grains within the weld zone exhibits an upward trend at the upper region of the weld
zone, whereas it decreases as one moves away from the centerline of the weld zone.
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Figure 9. Macrograph showing microstructural zones in the FSW/P of 7075Al-T651 [147].

Figure 10. (a) Basin-shaped nugget zone [149]; (b) elliptical nugget zone [150].

The FSW process is characterized by the formation of a distinct region known as
the thermomechanically influenced zone (TMAZ) among the parent substance and the
nugget area [152]. During the FSW procedures, the TMAZ is subjected to both heat and
mechanical impacts. The TMAZ has a very deformed shape. The parent metal’s elongated
grains underwent deformation in an upward flow pattern around the nugget zone. The
TMAZ is subjected to plastic deformation; however, recrystallization did not occur in this
location due to insufficient amounts of deformation strain. Nonetheless, it was discovered
that certain precipitates dissolved within the TMAZ as a result of being exposed to high
temperatures during the FSW process [153,154]. The degree of disintegration is contingent
upon the heat cycle encountered by the TMAZ. Moreover, it has been disclosed that the
grains within the TMAZ typically exhibit a notable concentration of sub-boundaries [155].
Figure 11 [156] show a representative TMAZ micrograph.

Figure 11. Schematic of the thermomechanically affected zone (TMAZ) [156].
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In addition to the TMAZ, there exists a region known as the heat-affected zone (HAZ).
The temperature cycle is observed in this region; however, it does not exhibit any plastic
deformation. In their study, Mahoney et al. [157] defined the HAZ, which refers to a
region in a heat-treatable aluminum alloy where the temperature exceeds 250°C, resulting
in a temperature rise. The HAZ maintains an identical grain structure to that of the
parent material. Nevertheless, the precipitate structure is notably impacted by temperature
exposures beyond 250 ◦C. Figure 12 [158] shows the TMAZ micrograph.

Figure 12. Region of HAZ [158].

5.2. Enhancement in the Mechanical Properties of FSW Joints

Several experiments have provided evidence indicating that the alteration in hard-
ness during friction stir welds varies between precipitation-hardened and solid-solution-
hardened aluminum alloys. FSW induces the formation of a thermomechanically affected
zone (TMAZ) surrounding the weld center in several precipitation-hardened aluminum
alloys [159–161]. Previous studies have proposed that the observed decrease in hardness is
a result of the degradation and dissolving of strengthening precipitates that occur through-
out the thermal cycle of the friction stir welding process [162–164]. The hardness profiles
related to the microstructure in an FSW 6063Al-T5 were investigated by Sato et al. [155].
The researchers observed that the hardness profile in the weld was more significantly
influenced by the distribution of precipitates than the size of the grains. A study by
Svensson et al. [165] examined the microstructure and characteristics of FSW 5083Al-O.
They found that the nugget zone had thin equiaxed grains with a reduced presence of
large particles and an increased concentration of small particles. The hardness profile
of 5083Al is mainly influenced by dislocation density, as strain hardening is the primary
mechanism for its hardening. FSW induced the formation of fine recrystallized grains in
the nugget area and recovered/improved grains in the TMAZ of 5083Al-O. Both the nugget
area and TMAZ exhibited greater dislocation densities compared with the base material.
Both small and large Al6(Mn, Fe) particles were observed in both the nugget zone and the
foundation material. The hardness profile in FSW 5083Al could not be well accounted for
by the Hall–Petch relationship but was attributed to Orowan strengthening, specifically
the overwhelming influence of dispersion strengthening resulting from the distribution of
tiny particles.

The solid-state aspect of the FSW technique is widely recognized for its capability to
produce joints with exceptional strength, which is a characteristic highly regarded in the
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field [166]. In contrast to conventional welding techniques, FSW does not depend on the
presence of a molten state to form bonds. Conversely, the process involves the utilization
of mechanical mixing and forging, leading to the development of a more sophisticated
microstructure within the weld. Microstructural refinement is crucial for enhancing joint
strength by reducing defects and promoting uniform mechanical properties. The strength
of FSW connections is influenced by the base material compatibility, with aluminum alloys
showing enhanced strength when subjected to FSW. The ultimate strength of the joint can
be influenced by the material’s alloy and temper. Post-weld heat treatment (PWHT) can
further enhance joint strength by alleviating residual stresses and improving mechanical
qualities [167–169].

Achieving a balance between strength and ductility is a complex task in FSW. Al-
though strength is essential in certain situations, it should not be prioritized over ductility.
The absence of ductility can lead to brittle characteristics, especially when exposed to
dynamic or cyclic loads. Optimizing the process parameters is crucial for achieving this
balance [170,171]. Joint ductility is influenced by rotational speed, welding speed, and
tool shape, and it is crucial to control these variables to maintain flexibility and optimize
strength. Microstructural elements also affect ductility, and FSW can refine joint grain size
and texture, thereby enhancing its strength [172,173]. However, it is important to note
that this refinement can occasionally have an impact on the ductility of the material. The
preservation of ductility necessitates the attainment of an ideal grain structure devoid of
any flaws or inclusions.

Fracture toughness is crucial for assessing joint resistance to crack propagation, espe-
cially in fatigue-loading situations. The interdependence of strength and ductility in FSW
joints requires careful consideration for application. The precise management of process
variables, materials, and microstructural elements is necessary to achieve this balance.
When implemented effectively, FSW joints can produce strong, ductile joints, ensuring
resilient and reliable performance.

5.3. Inclusion of Studies on the Effect of Welding Parameters on the Microstructure and
Mechanical Properties

The process of FSW encompasses intricate material displacement and plastic de-
formation. The material flow pattern and temperature distribution during welding are
significantly influenced by the welding settings, tool geometry, and joint design, which
in turn affect the microstructural evolution of the material. This section addresses several
significant elements that impact the FSW process, including tool geometry, welding settings,
and joint design.

The aspect of process development that exerts the most influence is tool geometry [174].
The geometry of the tool is of the utmost importance in determining the flow of material
during FSW and subsequently influences the rate at which the welding process can be
performed. An FSW tool is composed of a shoulder and a pin, as depicted in Figure 13 [175].
As previously stated, the tool possesses two main functionalities: (a) localized heating
and (b) material flow. The tool plunge generates heat due to friction between the pin and
workpiece, with additional heating due to material deformation. The tool is inserted until
the shoulder contacts the workpiece, with the sizes of the pin and shoulder being crucial.
The shoulder region also contains the heated material volume. The instrument’s secondary
purpose is to agitate and displace it. Tool design governs the microstructure, characteristics,
and process loads and typically uses a concave shoulder and threaded cylindrical pins.
Other design aspects do not hold the same significance.



J. Mar. Sci. Eng. 2024, 12, 71 19 of 30

Figure 13. Schematic sketch of the FSW tool and pin profiles [175].

In the context of FSW, two crucial parameters significantly impact the process. These
parameters are the tool rotation rate (v, measured in revolutions per minute) and the tool
traverse speed (n, measured in millimeters per minute) along the line of the joint [176,177].
The rotational movement of the tool facilitates the stirring and mixing of the material
surrounding the spinning pin. The translational movement of a tool transports the stirred
material from the front to the back of the pin, completing the welding process. Elevated tool
rotation rates lead to increased temperatures due to frictional heating, resulting in enhanced
agitation and material blending [178]. The heating process is primarily influenced by the
frictional interaction between the tool surface and the workpiece. It is not expected that
there will be a monotonic increase in heating as the tool rotation rate increases due to the
changing coefficient of friction at the interface. The inclination angle of the spindle or tool
about the workpiece’s surface is a significant process parameter [179,180].

The insertion depth of a pin into a workpiece is crucial for achieving high-quality
welds with seamless tool shoulders. The inclination of the spindle in the trailing direction
ensures that the tool’s shoulder securely grips the agitated material using a threaded pin,
facilitating effective movement. The target depth of the pin also plays a role in achieving
seamless tool shoulders. Insufficient depth can result in welds with internal channels or
surface grooves. Excessive flash is generated in the workpiece when the tool’s shoulder
penetrates too deeply during the insertion process, resulting in a concave shape and
localized thinning in the welded plates. The latest advancement in tool shoulder design,
known as the “scrolled” tool shoulder, allows FSW to be performed with a 08-degree tool
tilt, making it ideal for joints with curved surfaces.

6. Corrosion Mitigation and Surface Protection

FSW leads to the formation of different microstructural regions, including the nugget
zone, the thermomechanically affected zone (TMAZ), and the heat-affected zone (HAZ).
The aforementioned regions demonstrate distinct microstructural attributes, including
variations in the residual stress, size of grains, texture, and dislocation density, as well
as precipitate size and distribution. Consequently, it is anticipated that the diverse mi-
crostructural zones will manifest distinct levels of vulnerability to corrosion [181]. In recent
years, several research studies have been undertaken to investigate the impact of FSW on
corrosion and stress corrosion cracking (SCC) [182–184].

The initial investigation of pitting and stress corrosion cracking behaviors of FSW
5454Al, as well as the comparison with base alloy and GTAW samples, was conducted by
Frankel and Xia [185]. The investigation revealed that pits in FSW samples were generated
within the heat-affected zone, whereas in GTAW samples they formed within the extensive
dendritic region. FSW welds had superior pitting resistance compared with base alloy and
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GTAW welds. The trend of higher pitting potential persisted despite small changes in the
pitting potential.

Researchers have also reported that the pitting and SCC resistances of friction-stir-
welded (FSW) joints were either superior or equivalent to those of the parent material,
based on their experimental observations [186]. Corral et al.’s [182] study examined the
impact of friction stir welding (FSW) on the corrosion characteristics of 2024Al-T4 and
2195Al aluminum alloys. They found that FSW joints’ diffusion-limited current densities
and corrosion potentials were nearly identical to their base alloys when exposed to a
0.6 M sodium chloride solution. Static immersion tests showed comparable by-product
accumulation. In a similar vein, Zucchi et al. [183] discovered that the 5083Al FSW weld
showed improved corrosion resistance in an EXCO solution of 4 M NaCl, 0.5 M KNO3, and
0.1 M HNO3, as well as a lower proclivity for pitting when compared with the base alloy.
Furthermore, the FSW weld had a larger pitting potential and a smaller cathodic current
than the base alloy. Furthermore, the FSW joint displayed resistance to stress corrosion
cracking (SCC) in both environments: EXCO and a solution comprising 3.5% NaCl and
0.3 g/L H2O2. MIG joints, on the other hand, were shown to be susceptible to SCC in both
solutions.

Multiple investigations have also demonstrated that the pitting capacity of the corro-
sion area is not only considerably lower than that of the base metal alloy but also lower than
that of the nugget area in all friction-stir-welded aluminum joints. The findings of these
investigations have demonstrated that the locations with the highest temperatures within
the heat-affected zone (HAZ) exhibit the most vulnerability to intergranular corrosion and
possess the lowest resistance to pitting, with the nugget being the subsequent region in
terms of susceptibility. Microstructural analyses conducted on the regions with the highest
temperatures within the heat-affected zone (HAZ) disclosed notable copper (Cu) depletion
occurring at the interfaces between grains.

The corrosion mechanism of the intergranular section was attributed to a Cu depletion
model by Lumsden et al. [187] based on their experimental data. This model establishes
a connection between intergranular corrosion and pitting corrosion. This observation
aligns with prior research findings that indicate that the pitting potential exhibits a decline
when the concentration of Cu is reduced [188]. In addition, it has been suggested that the
preferential corrosion observed in the heat-affected zone (HAZ) can be attributed to the
presence of wider partially fused zones (PFZs) and larger grain boundary phases, as well
as coarse intragranular precipitates. It is important to note that, apart from alloy chemistry,
the residual microstructure present in friction-stir-welded (FSW) joints and the corrosive
environment also have a substantial role in influencing the corrosion characteristics of
aluminum alloys subjected to FSW.

The potential for the moisture absorption of materials [189] and corrosion in high-
strength aluminum friction stir welds is a matter of concern in various engineering applica-
tions involving friction stir welding. Several post-weld treatments have been assessed to
enhance the corrosion resistance of FSW welds [190]. The impact of the post-weld surface
laser treatment on the corrosion resistance of friction-stir-welded (FSW) aluminum welds
was examined by Williams et al. [190]. The corrosion tests [191] and electrochemical inves-
tigations conducted demonstrated that the excimer laser treatment resulted in a significant
enhancement of the resistance to corrosion in FSW welds in 2024Al-T351 alloy as well as
7010Al-T651. The application of a torch treatment involving the exposure of both sides of
the friction stir weld (FSW) to a torch flame for 1 min at a distance of 20 mm, followed by
water quenching, led to a noticeable reduction in the presence of intragranular precipitates
and a general decrease in the occurrence of grain boundary phases [192]. This treatment,
particularly effective in the heat-affected zone (HAZ), resulted in a decrease in suscep-
tibility to intergranular corrosion and an enhancement in resistance to stress corrosion
cracking [193]. Figure 14 illustrates a standard stress–strain diagram [187] that indicates
the mechanical behavior for both naturally and artificially aged friction-stir-welded (FSW)
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joints that were subjected to testing at a strain rate of 10−6 s−1 in a 3.5% sodium chloride
(NaCl) solution.

Figure 14. The stress–strain behavior of aged FSW AA7050Al-T7651 specimens (by natural and
artificial methods) were examined under a slow strain rate of 1 × 106 s−1 in a 3.5% NaCl solution, as
reported by Lumsden et al. [187].

An artificial aging procedure at 100 ◦C for one week resulted in a significant improve-
ment in the material’s resistance to SCC. Additional studies on artificial aging treatments
have also been conducted and the restoration of SCC resistance has been proven. However,
when subjected to typical environmental conditions, these treatments resulted in an unde-
sirable loss in mechanical properties. A specific heat treatment, consisting of a stabilization
heat treatment followed by retrogression and re-aging, was also discovered to have the
greatest potential for regaining resistance to stress corrosion cracking (SSC).

7. Future Trends of FSW

FSW (friction stir welding) is a welding technique that enhances the strength and
mechanical properties by preventing melting and solidification. It is ideal for marine
engineering, especially in combining dissimilar materials such as aluminum alloys due to
their corrosion resistance and minimal cleanup after welding. FSW is expanding to include
high-strength steels, titanium alloys, and composites, making vessels stronger, lighter, and
more resistant to corrosion. When combined with laser welding, hybrid FSW opens up new
possibilities for joining different materials for creative uses such as hybrid hull designs,
allowing FSW to tailor the vessel properties to meet specific requirements [194–198].

Real-time welding parameter monitoring and analysis using FSW and data analytics
can optimize the weld quality and minimize flaws. Laser-aided friction stir welding
(LAFSW), a hybrid technique, improves welded junction characteristics by preheating
the workpiece and reducing the tool wear and plunging force. This technique allows
for material joining and improved control over the welding process. LAFSW has shown
promising results in fields such as the aerospace, marine, and automotive industries, where
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strong welds are crucial for structural integrity and performance. FSAW enhances the
mechanical and microstructural properties of joints [199,200].

FSW is expanding its material capabilities to include composites, titanium alloys,
high-strength steels, and aluminum alloys to create stronger, lighter, and corrosion-resistant
vessels for saltwater settings. A combination of laser welding and FSW will enable hybrid
hull designs, encouraging innovation in shipbuilding. FSW will also customize the vessel’s
properties by incorporating various materials, such as titanium alloys for weight reduction
and composite materials for corrosion resistance [201].

Technological integration will optimize the welding process by integrating it with
automation technologies, including advanced robots, allowing for real-time monitoring
and analysis to maximize weld quality and reduce defects. Innovative methods such
as laser-aided friction stir welding (LAFSW) [202] and friction stir additive manufactur-
ing (FSAW) [203] will be used to improve the weld characteristics and control over the
welding process. LAFSW minimizes the tool wear and force needs while improving the
characteristics of welded junctions, making it useful in the aerospace, marine, and auto-
motive industries. FSAW combines the advantages of friction stir welding and additive
manufacturing, allowing for complicated shapes with increased durability and strength.

8. Concluding Remarks and Future Studies

FSW is an efficient process for joining materials, particularly in marine applications
such as underwater joints. This study reviews recent developments in FSW and its marine
applications, exploring the factors and parameters that affect its significance in the marine
industries. It provides a simple solution for joining metals with each other. FSW’s funda-
mental principle and workings have been thoroughly discussed, with a focus on FSW’s
ability to create high-strength joints with enhanced mechanical and corrosion properties.

→ The study investigates the influence of FSW parameters on material microstructural
changes, revealing that tool stirring, grain refining, and super plasticity enhance
the joint mechanical properties, enhancing the efficiency and economic feasibility in
marine applications. It emphasizes the need for materials compatible with FSW to
withstand harsh marine conditions and reduce corrosion.

→ This paper explores future research in FSW for maritime engineering, highlighting
the need to integrate environmental and economic factors for sustainability and
cost efficiency in large-scale marine endeavors. The maritime sector should develop
methodologies that enhance efficiency and productivity while mitigating its ecological
impact. The paper highlights the significant contribution of FSW to these objectives
and encourages its full utilization.

→ The study highlights the significant impact of FSW in marine applications, highlight-
ing its ability to improve joint strength, corrosion resistance, and fatigue performance.
It emphasizes the importance of choosing materials compatible with FSW for project
sustainability.

→ The study examines the welding processes’ microstructural and mechanical aspects,
emphasizing parameter optimization. It contributes to marine structure preser-
vation by minimizing corrosion and protecting surfaces. Future research should
focus on advanced FSW apparatus, novel materials, and environmental impact
mitigation strategies.

FSW technology is revolutionizing the maritime industry by improving the efficiency
and longevity of marine structures while aligning with environmental and economic goals.
Its potential to propel the sector towards enhanced efficiency, resilience, and environmental
responsibility is evident through ongoing research, innovative approaches, and a com-
mitment to sustainable practices. Despite being in its early stages, FSW’s potential for
advancement and development in marine applications presents significant implications for
the future of the marine sector.
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