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Abstract
Friction stir-based techniques (FSTs), originating from friction stir welding (FSW), represent a solid-state processing method 
catering to the demands of various industrial sectors for lightweight components with exceptional properties. These tech-
niques have gained much more attraction by providing an opportunity to tailor the microstructure and enhance the perfor-
mance and quality of produced welds and surfaces. While significant attention has historically been directed towards the 
FSW process, this review delves into the working principles of FSTs, exploring their influence on mechanical properties 
and microstructural characteristics of various materials. Additionally, emphasis is placed on elucidating the advancement 
of hybrid FSW processes for both similar and dissimilar metal components, aimed at enhancing welding quality through 
meticulous control of grain textures, structures, precipitation, and phase transformations. Finally, the review identifies cur-
rent knowledge gaps and suggests future research directions. This review paper synthesises academic literature sourced from 
the Web of Science (WoS) and Scopus databases, supplemented by additional sources such as books from the last 15 years.
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1  Introduction

Several industrial sectors, including transportation, aero-
space, shipbuilding, and other key industries, are actively 
seeking ways to enhance the efficiency of machine com-
ponents and parts. These requirements led to the develop-
ment and revolution in the materials science and engi-
neering field [1, 2]. To meet these demands, materials 
with exceptional characteristics, such as high-strength-
to-weight ratios, including aluminium alloys, magnesium 
alloys, and titanium alloys, have been introduced for 
lightweight constructions and machine parts [3, 4]. How-
ever, the manufacturing and joining processes required to 
assemble large or complex structures using these alloys 
have encountered numerous challenges.

Traditionally, riveting has been a common joining tech-
nique, but it contributes to increased structural weight and 
can lead to fatigue crack initiation due to stress concentra-
tion. Fusion welding, while widely used, is susceptible to 
cracking and results in a large heat-affected zone (HAZ), 
significantly compromising the mechanical properties of 
assembled joints [5–7]. In response to these challenges, 
friction-based solid-state techniques have emerged as revo-
lutionary solutions, redefining manufacturing, processing, 
and assembly practices in industries working with high-
strength-to-weight materials [8–10]. These techniques 
have acquired remarkable success due to high efficiency, 
multi-material manufacturing ability, low energy con-
sumption, low distortion, and typically high metallurgical 
properties [11, 12].

In this review paper, we compiled academic literature 
on Friction stir-based techniques (FSTs), primarily from 
the Web of Science (WoS) and Scopus databases, sup-
plemented by additional sources such as books. Our data 
collection spanned the last 15 years, from 2009 to 2024. 
The aim is to offer a comprehensive overview of friction-
based techniques, covering their principles, advantages, 
limitations, and the influence of various parameters on 
product quality across different materials. Additionally, the 
paper explores recent advancements in hybrid techniques 
that combine FSTs with other energy sources and welding 
methods. The review concludes by summarising key find-
ings and proposing potential directions for future research 
in this evolving field.

2 � Friction stir‑based techniques

Friction stir-based techniques (FSTs) have demonstrated 
superior performance across various industrial sectors, 
serving as a viable alternative to traditional fusion-based 

methods [13]. FSTs operate by generating frictional heat 
that remains below the material's melting point but near 
its recrystallization temperature. The controlled heat pro-
motes interatomic diffusion and material intermixing, 
resulting in the creation of robust bonds between the join-
ing or depositing materials. Based on their operating prin-
ciples, we can broadly classify these techniques into two 
categories. Welding techniques used to join two or more 
plates fall under the first category. Processing methods 
used to enhance the properties of materials fall under the 
second category. Figure 1 depicts this classification. It is 
worth mentioning that tools used in FSTs can either be 
consumable or non-consumable, depending on the spe-
cific application. Techniques such as Friction Stir Additive 
Manufacturing (FSAM) and Friction Stir Welding (FSW) 
typically use non-consumable tools. On the other hand, 
processes such as Additive Friction Stir Deposition and 
Friction Surfacing utilize consumable tools that gradually 
deplete during the operation. This classification is depicted 
in Fig. 1, based on references [14–17]. It is worth mention-
ing that tools used in FSTs can either be consumable or 
non-consumable, depending on the specific application. 
Techniques such as Friction Stir Additive Manufacturing 
(FSAM) and Friction Stir Welding (FSW) typically use 
non-consumable tools. In contrast, other processes like 
Additive Friction Stir Deposition and Friction Surfacing 
employ consumable tools, which are gradually consumed 
during the operation [18]. This section aims to compre-
hensively cover these FSTs, detailing their principles, 
applications, as well as their respective advantages and 
limitations.

2.1 � Friction Stir welding (FSW)

In 1991, a solid-state welding technique called FSW was 
developed at The Welding Institute (TWI) in the UK [19]. 
This technique proved its efficiency in joining different 
types of materials that face difficulties during joining 
with traditional techniques. Additionally, the FSW pro-
cess has proven its efficiency in welding several materi-
als, including aluminium (Al) alloys [20–23], copper (Cu) 
alloys [24–27], titanium (Ti) alloys [28–31], magnesium 
(Mg) alloys [32–35], steel alloys [36–40], and dissimi-
lar alloys, including Al/Cu alloys [41], Al/Mg [42] Al/Ti 
[43], Ni/Ti [44], and Mg/Ti [4], among others. FSW of 
dissimilar alloys with close melting temperatures is most 
effective, as optimising welding parameters can eliminate 
the formation of thick, continuous interlayers of interme-
tallic compounds [45]. However, some defects associated 
with intermetallic compounds and their heterogeneous 
distribution in dissimilar joints, such as reduced mechani-
cal properties and thermal and electrical conductivity, 
may arise [29]. These defects can be mitigated through 
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various methods, including optimising welding param-
eters [46–48], utilising cooling techniques to minimise 
heat dissipation [49, 50], incorporating additive materials 
[51–54], or employing hybrid-FSW approaches [55, 56].

The FSW process has several parameters, such as tool 
material, rotational speed, traverse speed, tilt angle, tool 
position, and tool geometry, that significantly affect 
welded joints' metallurgical and mechanical properties 
[57]. Figure 2- a) displays a schematic diagram of the 
FSW process and welding zones.

FSW is a foundational technique among FSTs and 
shares many principles and processes with other FST 
methods, making it an ideal starting point for detailed 
discussion. In this section, we will delve into the princi-
ples and parameters of the FSW process, examining their 
influence on the thermal cycle, material flow, and overall 
joint quality. This exploration will provide a comprehen-
sive understanding of how these factors interact and affect 
the performance of the weld, offering insights that are 
broadly applicable across various FST methods.

Fig. 1   Friction Stir-Based Techniques (FSTs) classification

Fig. 2   a FSW process schematic and welding zones [14] and (b) 
FSW process steps [58]
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2.1.1 � FSW process principles

The principle of the FSW process involves utilizing a spe-
cially designed rotating tool with a shoulder and pin, and it 
is carried out through four distinct steps. The plunging step 
initiates the process, pressing the tool vertically downward 
with axial force, enabling the rotating pin to penetrate the 
joint between the two pieces of material for welding. The 
dwelling step initiates when the tool shoulder touches the 
workpiece surface. During this phase, the friction between 
the rotating tool and the workpieces generates heat, soften-
ing the material. Once the temperature exceeds the recrystal-
lization point of the material but remains below its melting 
point, the welding step begins. At this stage, the tool trav-
erses the joint line, maintaining axial force. The shoulder 
continues to generate heat through friction and deformation, 
while the pin stirs and mixes the softened material, creating 
a solid-state weld. Finally, after completing the weld, the 
tool retracts from the workpiece, leaving an exit hole at the 
end of the weld line [59].

2.1.2 � FSW process parameters

FSW process parameters are shown in Fig. 3. The quality 
of friction stir welded (FSWed) joints is intricately linked 
to various parameters, making their optimisation crucial for 
achieving optimal performance. Among these parameters, 
tool speeds (both rotational and traverse) play a pivotal role 
in the FSW process. They directly affect the thermal cycle 
and the amount of heat generated for material plasticization. 
Observations have revealed that decreasing traverse speed 
and increasing rotational speed result in grain growth and 
material softening [60–63]. Tool geometry, encompassing 
both shoulder and pin design, plays a crucial role in regulat-
ing heat generation and material flow during the welding 
process. However, its impact on joint quality is relatively 

less pronounced compared to tool speeds [64–66]. Addition-
ally, factors such as plunge depth, representing the extent of 
tool penetration into the workpiece, and tilt angle, indicating 
the angle between the spindle's axis and the workpiece, sig-
nificantly influence welded joint quality. These parameters 
affect material mixing, weld depth, and the shape of the weld 
zone [67–69].

2.1.3 � FSW joint microstructure

In the welding process, four distinct zones are formed: the 
stir zone (SZ), thermos-mechanically affected zone (TMAZ), 
heat affected zone (HAZ), and base material (BM) zone, as 
illustrated in Fig. 2. The SZ, situated at the center of the 
weld, experiences the highest levels of heat and deforma-
tion, resulting in a complex grain structure with prominent 
onion ring features. These features arise from the successive 
shearing and deposition of plasticized material around the 
tool. Additionally, the SZ can be further subdivided into the 
Shoulder Affected Zone (SAZ) and the Pin Affected Zone 
(PAZ), which varies based on the tool geometry [71]. The 
TMAZ, undergoes plastic deformation and microstructural 
changes, leading to elongated, narrower, and relatively 
coarser grains compared to those in the SZ. This is attributed 
to dynamic recovery, where temperatures and strains are 
inadequate for recrystallization. In contrast, less deforma-
tion is always observed in the HAZ, which is accompanied 
by grain coarsening due to the input heat effect [72].

The mechanical properties of FSWed joints are signifi-
cantly influenced by the joint microstructure, which can be 
enhanced by controlling the previously mentioned process 
parameters. The following section will summarise research 
papers that investigate the effects of various FSW process 
parameters on joint quality.

2.1.4 � Previous studies on the FSW process

Several studies were carried out on the FSW process in an 
attempt to understand the process concepts and parameters' 
effects on the welded joints. In addition to butt welding 
joints, the FSW process has demonstrated high performance 
in lap welding, as evidenced by studies [73–77], and T-joint 
welding, as demonstrated by research [67, 78–80]. Various 
modifications have been implemented in the FSW process 
to improve its quality. These include the utilisation of spe-
cially designed tools [18], filler material [81], and hybrid 
FSW techniques [82], which will be discussed in detail in 
Sect. 3. Additionally, inherent challenges in FSW, such as 
keyhole defects, back support issues, and weld thinning, 
along with recent advancements to address these problems, 
are discussed in [83]. The studies focusing on FSW applied 
to metal matrix composites are covered in [84]. This section 
aims to explore key aspects, including the optimisation of Fig. 3   FSW Parameters [70]
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FSW process parameters for similar and dissimilar materi-
als, the thermal behaviour and material flow during FSW, 
the role of heat treatment, and their combined effects on 
microstructural evolution and mechanical properties. The 
key findings from these studies are summarised below:

As previously mentioned, optimising FSW process 
parameters significantly affects the amount of heat input 
and, in turn, enhances the quality of welded joints. Ahmed 
et al. [85] conducted an optimisation study using traverse 
and rotational speeds as input parameters to examine their 
impact on the joint quality of dissimilar aluminium alloys 
AA5083/AA5754 and AA5083/AA7020. The study revealed 
that high heat input resulted in tunnel defects, as shown in 
Fig. 4. However, at optimal parameters, the welded joint 
efficiency reached up to 97% and 98%. In the AA5083/
AA5754 joint, the hardness profile was observed to be low 
at the SZ due to the loss of cold deformation strengthening. 
Conversely, a high hardness value was noted in the SZ of 
the AA5083/AA7020 joint, attributed to the latter's high-
strength alloy nature. Placing AA7020 at the advancing side 

led to higher joint strength and efficiency. Figure 5 shows 
the fracture surface of AA7020/AA5083 joint tensile test 
samples.

The impact of FSW tool speeds on the tensile proper-
ties of AA 2024-T3 welded lap joints was investigated 
by Viscusi et al. [86]. Using a central composite design 
and the steepest ascent algorithm, they optimised process 
parameters, identifying 1250 rpm and 4 mm/s as the opti-
mal welding speeds. Similarly, Wang et al. [87] applied 
this welding technique to AA 2024-T6 aluminium alloy, 
focusing on tensile properties and defect formation across 
various welding speed ratios. Their findings underscored 
the importance of the viscous-to-rheological layer thick-
ness ratio in weld quality. Defect-free joints were achieved 
when the viscous layer was thicker, while void defects 
occurred when the ratio of rotational to traverse speed 
decreased. Zamani et al. [88] employed the FSW process 
to weld Al-SiC 20% composite plates, with optimisa-
tion of tool rotational and traverse speeds using response 
surface methodology (RSM). They investigated various 

Fig. 4   Cross-sections of FSWed 
joints AA5083/AA5754. 
Arrows refer to the tunnel 
defects: a 400 rpm, 20 mm/min, 
(b) 600 rpm, 20 mm/min, (c) 
600 rpm, 40 mm/min and (d) 
600 rpm, 60 mm/min [85]

Fig. 5   Shows the fracture sur-
face of AA7020/AA5083 joint 
tensile test samples [85]
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mechanical properties of the welded joint, including ten-
sile strength, hardness, and residual stresses. The study 
revealed that tool speeds significantly influenced the qual-
ity of the welded joint. The lowest mechanical properties 
were observed at high rotational speed and low traverse 
speed (1200  rpm and 40 mm/min, respectively). Con-
versely, optimal parameters were identified at 1400 rpm 
rotational speed and an increased traverse speed of 70 mm/
min.

Another critical parameter is the tool pin geometry, which 
significantly influences both the frictional heat generated 
and the material flow during the process. The frictional 
heat primarily originates from the friction between the 
shoulder and the welded plates, which softens the material 
beneath the shoulder. Meanwhile, the specific shape of the 
pin plays a vital role in stirring and mixing this softened 
material, directly impacting the weld's quality and integrity. 
The combined effect of shoulder friction and pin geometry 
ensures proper material flow, which is essential for achiev-
ing a defect-free and mechanically robust weld. The effect 
of different pin shapes was explored in a study by Sun et al. 
[89] to understand its effect on the mechanical properties 
and material flow in FSW of dissimilar joints of AA 2024-
T6 and AA 6061-T6. They tested three different pin shapes: 
conical thread, conical cam thread, and deep groove thread. 
The researchers found that thread geometry significantly 
influenced material flow and downward movement dur-
ing the welding process. The material in the SZ primarily 
originated from the advancing side. Among the tested pin 
shapes, the conical cam thread pin produced the highest-
quality joint, characterised by a minimal grain size ranging 
from 7 to 12 μm in the SZ. Conversely, the conical thread 
pin resulted in the lowest tensile strength of the welded joint. 
Further investigation on the effects of tool geometry can be 
found in [57, 90, 91].

Other studies extended the analysis to additional param-
eters such as tool tilt angle, shoulder pinching gap, tool pin 
position and shape. Wang et al. [92] and Khan et al. [93] 
studied the impact of tool tilt angle, while Rabiezadeh et al. 
[94] highlighted the significance of the shoulder pinching 
gap in achieving high joint efficiency by reducing grain size 
in the SZ. Sahali et al. [95] focused on the impact of differ-
ent tool pin shapes—straight cylindrical, taper, and threaded 
cylindrical—on power consumption and tensile strength 
in AA3004-H32 joints. Their results indicated that power 
consumption is directly related to rotational speed, with the 
straight cylindrical pin consuming the least power. Tensile 
strength was mainly affected by rotational speed and pin 
profile, with traverse speed also influencing welding costs. 
These results are in good agreement with Janeczek et al. 
[96]. Ahmed et al. [97] investigated the effects of tool pin 
eccentricity and traverse speed on the mechanical proper-
ties and grain structure of FSWed AA5754-H24 aluminium 

alloy. They found that an increase in traverse speed led to a 
reduction in SZ grain size and an improvement in ultimate 
tensile strength and yield strength.

The thermal behaviour and material flow during the 
FSW process play a critical role in determining the weld 
microstructure, which directly impacts the mechanical 
properties of the joint. For instance, in welded aluminium 
alloys, factors such as grain size and precipitate distribu-
tion significantly influence joint strength. By understand-
ing and controlling the thermal behaviour and material flow 
during welding, it is possible to optimise these microstruc-
tural features and, consequently, enhance the mechanical 
properties of the weld. Recognising this, numerous studies 
have been conducted to explore material flow behaviour and 
thermal cycle during FSW under various conditions, aiming 
to identify the optimal parameters for achieving superior 
joint performance. The studies focus on the simulation of 
material flow in the FSW process using numerical modelling 
approaches are summarised in [98, 99]

The thermal behaviour of the FSW process was investi-
gated by Salih et al. [100], who examined the impact of FSW 
tool speeds (rotational and traverse) on the material flow 
behaviour and thermal cycle of AA6082-T6 welded joints. 
They found that these parameters significantly influenced 
welded joint quality, microstructure characteristics, and 
defect formation. At 1800 rpm and 20 mm/min, the tempera-
ture increased to 593 °C (0.9 of the melting temperature), 
demonstrating their substantial effect on thermal behaviour. 
Increasing traverse speed improved welded joint strength by 
re-precipitating strengthening precipitates and refining grain 
size, leading to higher fatigue life. In a related study, Liu 
et al. [101] developed a fully coupled thermo-mechanical 
model for AA6082-T6 aluminium alloy to analyse tempera-
ture distribution and material deformation during FSW. They 
considered tool rotational direction and plate geometry vari-
ations. The authors concluded that welded plate geometry 
influenced temperature distribution, while tool rotational 
direction affected heat distribution and strain distribution. 
Higher strain was observed on the advancing side com-
pared to the retreating side. For further understanding of 
the material flow during FST, numerical simulations were 
conducted in the study by Kalinenko et al. [102] to explore 
the relationship between SZ microstructure characteristics 
and temperature conditions during FSW of AA6061 alu-
minium alloy. Their findings revealed that, under low heat 
input conditions, a large grain size (~ 100 μm) emerged in 
the SZ as a result of the competition between normal and 
abnormal grain growth. Conversely, under high heat input 
conditions, microstructural stability was observed in the SZ 
due to a combination of a high fraction of particles and rela-
tively coarse grains. The researchers concluded that abnor-
mal grain growth occurred rapidly during the early stages 
of post-weld solution treatment, a phenomenon elucidated 



Welding in the World	

by Humphrey’s cellular growth model. These findings high-
light the significant influence of heat treatment on the quality 
of welded joints, prompting further investigations into its 
effects.

The thermal behaviour of the FSW process is significantly 
influenced by heat treatment, which affects heat distribution, 
the material's response to generated heat, and the evolution 
of the weld microstructure. Heat treatments are typically 
classified into pre-weld and post-weld treatments, each play-
ing a crucial role in shaping the final properties of the weld. 
Therefore, a deep understanding of heat treatment param-
eters is essential for optimising and achieving the desired 
weld characteristics in FSW. Khalilabad et al. [103] explored 
friction stir welded dissimilar joints between AA2198 and 
AA2024. They noted that post-weld heat treatment (PWHT) 
strengthened the HAZ of AA2198 without abnormal grain 
growth in AA2024. However, challenges arose due to the 
alloys' differing heat-treatment responses and uneven work 
hardening. Wang et al. [104] examined heat treatment's 
impact on FSWed AA7050-T76 joints, comparing as-welded 
plates with those undergoing solid-solution treatment before 
welding and subsequent T76 aging. The optimised sequence 
reduced copper segregation and minimised precipitate coars-
ening, improving corrosion resistance and achieving con-
sistent microchemistry across FSW zones. Similarly, Gupta 
et al. [105] found that PWHT at 121 °C for 24 h enhanced 
the corrosion resistance and mechanical properties of FSW 
AA 7017-T651 joints, especially at higher welding speeds. 
Dong et  al. [106] reported that combining PWHT with 
water-cooling significantly improved welded joint quality, 
with direct artificial aging preserving equiaxed grains and 
solution heat treatment followed by aging showing abnor-
mal grain growth (AGG). Overall, these studies collectively 
illustrate the crucial role of heat treatment in optimising the 
mechanical and corrosion properties of FSWed aluminium 
alloys, highlighting the importance of tailored heat treat-
ment processes for different alloy compositions and welding 
conditions.

As an attempt to reduce the heat transferred from the 
FSW tool to the spindle, Li et al. [107] investigated meth-
ods to isolate heat flow from the FSW tool to the spindle 
through experimental and numerical models. They tested 
ten FSW tools with three different insulation features: reduc-
ing cross-sectional area, varying contact area between the 
tool holder and shank, and applying a thermal coating to the 
tool shank. Results showed that the tool combining all three 
insulation features achieved high heat insulation efficiency, 
reducing heat transferred to the spindle by 52% compared to 
conventional tools. However, they found that coating with 
a 0.3 mm layer of Y2O3-stabilized ZrO2 was less effec-
tive than reducing the tool's cross-sectional area. However, 
[100, 101, 107] have primarily focused on the impact of 
tool speeds on joint quality, overlooking the significance of 
exploring interactions among additional parameters such as 
plunge depth, dwell time, and tool geometry. This oversight 
impedes the development of a comprehensive understanding 
of friction stir welding processes. Consequently, there is a 
critical need to delve deeper into the interplay of various 
factors to advance the optimisation of welding procedures, 
thereby enhancing joint quality and performance. Although 
Li et al. [107] investigated heat isolation methods from 
the FSW tool to the spindle, their study mainly examined 
insulation features. More research is needed to evaluate the 
long-term durability and practicality of these methods in 
real-world FSW applications.

2.1.5 � Hybrid metal and extrusion bonding (HYB)

However, the FSW process has some limitations when using 
filler material. In the last decade, these limitations were 
solved by the hybrid metal and extrusion bonding (HYB) 
invention [81]. HYB is a novel solid-state welding technique 
that combines the advantages of Gas Metal Arc Welding 
(GMAW) and FSW, using a filler material through solid-
state welding with an adequate groove or joint design [108]. 
The microstructural and mechanical properties of the welded 

Fig. 6   HYB process (a) schematic (b) macrostructure [110]



	 Welding in the World

joint of aluminium alloy can be enhanced by the injection of 
an aluminium FM continuously into the weld groove [109]. 
Sandnes et al. [110] conducted an investigation on the effect 
of the HYB process utilising AA6082-T6 aluminium alloy 
plates with a thickness of 4 mm and AA6082-T4 filler mate-
rial with a wire diameter of 1.2 mm. The plates were con-
figured in an I-groove shape with a separation of 3 mm and 
a pin diameter greater than 3 mm to ensure complete con-
tact between the pin and the groove. Figure 6 (a) shows the 
HYB process. The welding parameters included a rotational 
speed of 400 rpm, a traverse speed of 6 mm/s, and a wire 
feed rate of 142 mm/s. Results indicated the production of 
sound joints within a temperature range of 350 °C to 400 °C, 
below the reported peak temperature for FSW. The authors 
suggested this temperature range to mitigate joint soften-
ing and enhance joint quality. Additionally, the formation 
of metallic bonding via oxide dispersion along the groove 
side walls was observed, as shown in Fig. 6 (b). Comparative 
analysis with GMAW and FSW revealed that the mechani-
cal properties of HYB joints surpassed those of GMAW but 
fell short of FSW joints. Similar materials [109, 111], dis-
similar materials [112–114] and various joint configurations, 
such as butt, T, and lap joints, can be performed by HYB 
[115]. While the HYB process shows promise in enhanc-
ing the microstructural and mechanical properties of welded 
joints, there is a lack of comprehensive studies evaluating its 
effectiveness across different materials, joint configurations, 
and welding conditions. Further research is needed to assess 
its performance under various parameters and scenarios to 
determine its broader applicability and potential limitations.

In summary, the FSW process offers numerous advan-
tages over traditional fusion techniques, including higher 

welding joint efficiency, compatibility with a wide range 
of materials, reduced power consumption, the absence of 
toxic gases, and an eco-friendly approach. However, it also 
presents certain limitations, such as the need for specialised 
equipment, requirements for high downward force, exit hole 
defects and reduced flexibility compared to conventional 
welding processes.

2.2 � Friction Stir spot welding (FSSW)

Mazda Corporation, Japan, developed Friction Stir Spot 
Welding (FSSW) as a solid-state welding technique in 1993 
[116]. Unlike FSW, FSSW does not involve traverse move-
ment; instead, joining occurs under high downward force and 
rotational action of the tool, as depicted in Fig. 7. Upon exit-
ing, the tool leaves behind a keyhole. After the exiting step 
of the tool, a keyhole leaves behind the pin [8]. To address 
this issue, Refill Friction Stir Spot Welding (RFSSW) was 
introduced at Helmholtz-Zentrum Geesthacht in Germany 
in 1999 [8]. RFSSW utilises a probless tool, as illustrated in 
Fig. 8. During RFSSW, as demonstrated in step 2, the plas-
ticized material elevates the pin as the shoulder descends. 
Following the spot joint, as depicted in step 3, the sleeve 
retracts and the pin plunges. Subsequently, the tool retracts 
after completing the weld formation. The welding process 
employs a clamping ring to securely hold the workpieces 
and prevent the plasticized material from flashing outside 
the welding zone [117].

Chu et al. [118] delved into the impact of FSSW prob-
less shoulder features on the joint efficiency of AA2198-T8, 
incorporating both experimental and numerical simulation 
methods. The study explored three shoulder features: flat, 

Fig. 7   FSSW process steps: 
a rotating, (b) plunging, (c) 
dwelling, (d) exiting [8]

Fig. 8   RFSSW process [8]
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annular, and involute. Upon evaluation, it was observed that 
the involute tool produced sound joints. Additionally, they 
noted that at higher rotational speeds, the dwell time should 
be reduced to prevent excessive material squeezing and the 
formation of flash defects. Yan et al. [119] conducted a study 
to perform FSSW joints between Polyamide 6 (PA6) and 
Acrylonitrile Butadiene Styrene (ABS) using a tooth-shaped 
pin tool. Various rotational speeds were explored, ranging 
from 250 to 500 rpm. Defects were observed at rotational 
speeds of 250 rpm and 500 rpm due to the presence of large 
PA6 particles. Conversely, smaller particles of PA6 (meas-
ured in microns or nanometers) were observed at 350 rpm. 
The Taguchi method (L9) was employed to optimise weld-
ing parameters. The rotational speed range chosen for this 
study was limited, considering that the maximum lap shear 
fracture load of 2034 N was achieved under the optimal 
parameters: 1000 rpm rotational speed, 40 s dwell time, 
and 11.5 mm plunge depth. The previous two papers did 
not explore the impact of the cooling process during FSSW. 
However, Wang et al. [120] applied the FSSW technique to 
weld 1.2 mm thick DP1180 steel with and without water 
cooling. The process parameters included rotational speeds 
of 400 and 600 rpm, a 10-s dwell time, a 1 mm plunge 
depth, and a 5 mm/min plunge speed. Water cooling was 
found to improve joint quality, eliminating hook defects 
and achieving a maximum lap shear strength of 17.9 kN. 
Figure 9 shows the macrostructure and fractured samples 
at 600 rpm. These improvements were attributed to grain 
refinement and effective tool softening restraint underwa-
ter. As the development of the FSSW process continues, Fu 
et al. [121] introduced a novel tool for RFSSW, enabling the 
utilisation of varying rotational speed values and directions 
for both the pin and shoulder. This innovation was applied 
to AM50 Mg alloy, with results compared to those obtained 
through traditional RFSSW methods. The study revealed a 
lap shear strength increase of 50% compared to traditional 
RFSSW. Additionally, this technique demonstrated efficacy 
in welding other alloys, including similar aluminium alloys 
and Mg/steel dissimilar joints.

In summary, FSSW stands as a notable technique for 
welding thin materials, offering advantages such as minimal 

material distortion, low residual stress, and a refined weld 
structure. However, FSSW does come with limitations, 
including the occurrence of exit holes and its applicabil-
ity to thin sheets only. Additionally, it exhibits less flexibil-
ity compared to traditional welding techniques, requiring 
a rigid fixture for operation. Nonetheless, challenges such 
as exit hole formation can be mitigated through innova-
tions like probless-FSSW or Refill Friction Stir Spot Weld-
ing (RFSSW). Studies addressing the challenges of FSW 
and FSSW in dissimilar Al-alloys, such as inhomogeneous 
structure formation in the SZ, low material plasticity, and 
inhomogeneous mixing due to the insufficient heat input, 
are summarised in [122] and [123].

2.3 � Friction Stir additive manufacturing (FSAM)

Friction Stir Additive Manufacturing (FSAM) is an innova-
tive method that merges FSTs with the principles of additive 
manufacturing (AM) [124]. This technique can be classified 
into two main categories based on the underlying process. 
The first category involves the combination of FSW with 
AM, while the second category integrates AM with friction 
deposition [18]. This section will concentrate on the first 
category, while Sect. 2.6 will delve into the second category 
after discussing friction surfacing techniques.

The process of FSAM is similar to the FSW of lap joints, 
involving the layer-by-layer joining of multiple flat plates 
and thorough cleaning between each plate. However, FSAM 
incorporates additional parameters like reheating and re-stir-
ring into the process. A non-consumable rotating tool with 
a pin plunges into the overlapping plates and then traverses 
in a specific direction, as depicted in Fig. 10 [125]. Similar 
to other FSTs, the frictional heat generated between the tool 
and plates aids in softening and mixing the materials beneath 
the tool [9].

The FSAM process offers several advantages over fusion-
based additive manufacturing (AM) methods. It consumes 
significantly less energy, using only about 2.5% of the 
energy required by fusion-based AM processes. Addition-
ally, FSAM produces structurally efficient and effective 

Fig. 9   Macrostructure of the typical joints at 600 rpm (a) without water cooling, (b) with water cooling and fractured samples of typical joints at 
600 rpm: (c) without water cooling and (d) with water cooling [120]
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parts, with optimal consolidation, leading to high-quality 
components with enhanced mechanical properties [9, 126].

The hardness properties and fracture behaviour of joints 
between cast AA2050 and wrought AA2050-T3 were inves-
tigated by Lu and Reynolds [127]. Each plate measures 
12 mm in thickness. Prior to processing, the surfaces of 
the plates were thoroughly cleaned of contaminants using 
a grinding disc and alcohol wipe. A tool configuration with 
a 28.6 mm shoulder diameter and a threaded-tapered pin 
length of 12.85 mm was employed. The process involved 
two passes with a 4 mm offset between the centres of the 
two lines. The study revealed an inhomogeneous distribu-
tion of hardness and properties distinct from those of the 
parent alloys, as shown in Fig. 11. Crack propagation dur-
ing fracture tests was found to correlate with the traverse 
direction. Zhang et al. [128] conducted an experimental and 
numerical study on the FSAM process using a 4 mm thick 
AA6061-T6 plate and an 8 mm thick AA-6082 substrate 

plate. Their findings indicated that increasing the number of 
plates led to a decrease in the peak temperature of the newly 
added layer. Additionally, they observed that re-stirring and 
re-heating at lower temperatures enhanced the tensile prop-
erties and promoted the distribution of fine grains. Interest-
ingly, they noted that there was no significant improvement 
in the mechanical properties after adding 2–3 layers. These 
results are consistent with results in [129]. However, the 
number of layers is related to the layer thickness. Hence, new 
efforts should be made to improve the performance of FSAM 
by optimising process parameters, including layer thickness, 
tool configuration, and traverse speed, to attain superior 
mechanical properties. Additional research and summary of 
FSAM type of machine for fabrication, materials mechani-
cal properties such as grain refinement, and microhardness 
evaluation can also be explored in [18, 126, 130]

In summary, FSAM offers numerous advantages, 
including the ability to improve the properties of wrought 

Fig. 10   FSAM process [125]

Fig. 11   Hardness distribution through (a) cast 2050 aluminium alloy build and (b) weld depth for AA2050-T3 build [127]
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structures and fabricate intricate shapes without material 
waste or extensive machining. However, challenges include 
higher tool wear rates and the potential for an inhomogene-
ous microstructure.

2.4 � Friction Stir processing (FSP)

Friction Stir Processing (FSP), a solid-state technique, 
emerged as a potential derivative from FSW in 1991 at 
TWI, UK [13]. Depending on the desired material proper-
ties and application, one can conduct FSP with or without 
the incorporation of reinforcement particles. The introduc-
tion of reinforcement particles can significantly enhance 
the mechanical properties of the processed material. FSP 
has been applied for various purposes, such as enhancing 
the microstructure and mechanical properties of materi-
als, including hardness, tensile strength, fatigue resistance 
[131–134], wear resistance [135], and corrosion resistance 
[136]. The process facilitates grain refinement [137–139], 
defect elimination [140, 141], dispersion of reinforcement 
particles, and the incorporation of alloying elements with-
out necessitating welding [138]. Additionally, FSP has dem-
onstrated its effectiveness in processing various materials, 
including aluminium alloys [142, 143], titanium alloys 
[144–149], magnesium alloys [150, 151], and dissimilar or 
composite materials [146, 152–154]. Moreover, FSP has 
proven its effectiveness in superplasticity of aluminium 
alloys. Superplasticity means increasing the uniform elon-
gation ability of any metallic material by more than 200% 
prior to failure. A detailed summary of previously reported 
superplasticity in all aluminium alloys using FSP is sum-
marised in [155]. Furthermore, FSP has demonstrated high 
fabrication performance for in-situ Aluminium Metal Matrix 
Composites (AMMCs), which are considered among the 
fastest-developing materials for structural applications, as 
summarised in [143].

Several methods are available for incorporating rein-
forcement particles into the material during FSP. One com-
mon approach is the use of a cover plate, often referred to 
as the "sandwich" method, where the particles are placed 
between two layers of material before the processing 
begins. Another technique is the groove method, where a 
groove is machined into the material surface and filled with 

reinforcement particles before FSP is performed. The hole 
method involves drilling holes into the material, filling them 
with reinforcement particles, and then applying FSP to dis-
perse the particles uniformly within the matrix [15]. These 
methods, illustrated in Fig. 12, enable precise control over 
the distribution and concentration of reinforcement particles, 
leading to tailored improvements in the material's micro-
structure and properties.

As previously discussed, FSP is derived from FSW and, 
therefore, shares several parameters that similarly influence 
its outcomes. In this section, we will review studies that 
examine key parameters such as the number of passes, tool 
path trajectory, and pin shape. Additionally, various research 
efforts have explored strategies to enhance FSP performance, 
including the use of cooling systems, stationary shoulder 
tools, and the application of hybrid techniques. Furthermore, 
we will examine the impact of FSP on surface modification 
and the enhancement of surface hardness. This is achieved 
through improved microstructural and compositional homo-
geneity, as well as effective grain refinement, using compos-
ite powder materials across various alloys, including both 
heat-treatable and non-heat-treatable aluminium alloys.

The FSP groove filling method was utilised by Mathur 
et al. [156] to reinforce aluminium alloy AA5052 with tita-
nium dioxide (TiO2) nanoparticles using a 6 mm square 
pin length. The study considered input parameters such 
as groove width, rotational speed, and traverse speed. The 
examination revealed a fine mixing of the TiO2 nanopar-
ticles with the base material in the grain structure. The 
findings demonstrated enhancements in the hardness value 
and tensile strength of the base material attributed to the 
uniform distribution of the TiO2 nanoparticles. Figure 13 
illustrates the uniform distribution of elements in the FS-
processed region. Selecting optimal parameters, such as the 
number of passes, plunge depth, and pin shape, is crucial for 
enhancing the microstructural and mechanical properties of 
FSP. The impact of multi-passes FSP on wear performance 
and microstructure of titanium grade 2 was investigated by 
Vakili-Azghandi et al. [157]. Their findings revealed that 
multi-pass FSP improved wear resistance and surface hard-
ness, driven by grain size reduction and the development 
of a strong texture with a high percentage of high-angle 
grain boundaries. Meanwhile, the pin shape parameter was 

Fig. 12   Addition methods of 
reinforcement particles in FSP 
[15]
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investigated in the study by Patel et al. [158]. They explored 
the effect of different pin shapes- square, pentagon and hexa-
gon- on 7075 aluminium. They found that the square pin 
profile produced the highest temperature (400 °C), superior 
stir zone hardness, and a fine grain structure without defects, 
outperforming other shapes. However, further investigations 
are required to elucidate the underlying mechanisms behind 
the observed improvements and optimize a broad spectrum 
of process parameters for specific applications. Zhang et al. 
[159] included the effect of plunge depth in their study and 
used FSP to enhance the ductility and yield strength of high-
nitrogen stainless steel (HNS). Their study demonstrated a 
significant enhancement in yield strength, which increased 
from 540 to 1300 MPa after 50% cold rolling. However, 
post-FSP, the yield strength decreased to 950 MPa with 
improved elongation and increased hardness in the stir zone. 
Additionally, the study highlighted the influence of plunge 
depth on tensile properties, which showed that higher plunge 
depths led to a noticeable decrease in elongation. In contrast, 
lower plunge depths resulted in less effective improvement 
of yield strength.

The documented reports emphasise the critical role of 
FSP process parameters, including groove filling, multi-pass 
operations, pin shape, and plunge depth. Each parameter 
affects material properties differently, such as hardness, 
tensile strength, wear resistance, and grain structure. These 
findings underscore the importance of optimising process 
conditions to achieve desired enhancements in various mate-
rials while also indicating the need for further research to 
fine-tune these parameters for specific applications. Further 
investigation on the effects of tool geometry can be found 
in [91].

Various studies have delved into strategies aimed at 
enhancing performance, including the utilisation of cool-
ing systems, stationary shoulder tools and the application of 
hybrid techniques. The cooling system plays a crucial role 

in determining the microstructural evolution of processed 
materials, as it controls the temperature distribution during 
processing. This temperature management directly influ-
ences grain size and, consequently, the overall performance 
of the material. Ralls et al. [160] employed FSP on cold-
sprayed 316L stainless steel deposits to improve their tribo-
logical and corrosion behaviour. Their study revealed that 
FSP induced an austenitic phase transformation. After FSP, 
the wear rate and friction of the cold-sprayed deposit were 
reduced by 55.1% and 8.3%, respectively. These enhance-
ments were attributed to pore closure and grain refinement. 
Additionally, after combining cold spraying with heat treat-
ment through FSP, the corrosion rate decreased by approxi-
mately 35%, while the pitting corrosion resistance enhanced 
by around 27%. Another study aimed to reduce heat input 
during FSP without external cooling by using a station-
ary shoulder tool with a rotating probe was carried out by 
Patel et al. [161]. Unlike traditional FSP tools, a stationary 
shoulder generates less frictional heat; hence, the shoulder 
contributes little deformation at the top surface during pro-
cessing. This approach generated a small temperature gradi-
ent across the 6.35 mm thick AZ31B magnesium alloy. The 
results showed an enhancement in hardness and a refined 
grain structure throughout the material's thickness, includ-
ing the top, middle, and bottom layers. Hybrid FSTs effec-
tively combine the benefits of different processes to enhance 
material properties. This is for the repair of pores formation 
during wire-arc additive manufacturing (WAAM) and the 
enhancement of process outputs. He et al. [162] studied a 
hybrid method integrating wire-arc additive manufactur-
ing (WAAM) with FSP to improve the fatigue properties 
of AA4043 aluminium alloy, using AA6082-T6 as the sub-
strate. FSP was applied after every three WAAM layers, 
resulting in a significant improvement in fatigue perfor-
mance and ductility, though with a 9.8% reduction in UTS. 
However, elongation at failure increased by 108.7%. These 

Fig. 13   a SEM of FSPed area. 
Uniform distribution of (b) 
aluminium, (c) magnesium, 
(d) oxygen, (e) silicon and (f) 
titanium in the region [156]
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results are consistent with other studies, such as [163], which 
also showed improvements in Al-4043 alloy components via 
friction stir post-processing. Another study was carried out 
by Kalashnikova et al. [164] to investigate the multi-passes 
impact in a hybrid technique combined with wire-feed elec-
tron beam AM with FSP to enhance the mechanical proper-
ties of AA4130 and AA5056 aluminium alloys. Mabuwa 
et al. [165] applied FSP to TIG-welded joints of AA8011 and 
AA6082 alloys. While the hardness of TIG-welded joints 
was higher than that of FSPed TIG-welded joints, tensile 
strength slightly increased from 83.83 MPa to 90.09 MPa 
after FSP. Significant material mixing and reduced grain 
sizes were also observed, highlighting the potential of hybrid 
FSTs to refine microstructure and mechanical properties. 
These studies collectively demonstrate that hybrid FSTs, 
particularly when combined with additive manufacturing 
processes like WAAM, can enhance mechanical properties 
and microstructural characteristics, albeit with some trade-
offs in certain areas like tensile strength.

Collectively, these studies highlight the effectiveness 
of cooling systems, stationary shoulder tools, and hybrid 
FSTs in enhancing material properties and microstructural 
characteristics. However, the trade-offs, such as reduced ten-
sile strength or the need for further research into long-term 
durability and practical applicability, suggest that additional 
investigations are required to understand and optimise these 
techniques for real-world applications fully.

FSP is highly effective for surface modification and 
enhancement of surface hardness. It is versatile in its appli-
cation, as both the metal matrix and the reinforcement mate-
rial (particulate) can be either ferrous or non-ferrous and can 
be compatible or non-compatible. FSP has been employed 
to fabricate various types of composites, including surface 
composites, nanocomposites, in-situ composites, and hybrid 
composites. Additionally, research has explored the use of 
composite materials in FSP to improve the joint quality of 
aluminium alloys, demonstrating the technique's broad appli-
cability and potential for material property enhancement. 
Nazari et al. [51] applied both hybrid and single-surface 
composites to AA6061 using FSP, incorporating nano-sized 
graphene (0.5–2 wt%) and micro-sized TiB2 (10–30 wt%). 
They found that these particles refined the grain size to less 
than 1 μm in the SZ, thereby enhancing the hardness and ten-
sile properties, with the optimal mix being 1 wt% graphene 
and 20 wt% TiB2. Similarly, Sharma et al. [166] utilised 
mono (B4C) and hybrid (B4C + MoS2) powders to develop 
surface composites in AA6061 aluminium alloy. The study 
employed multi-pass FSP with different directional strate-
gies, resulting in a uniform distribution of reinforcement par-
ticles without clustering in the processing zone. The highest 
hardness was achieved with the mono (B4C) surface com-
posite, while using (75%B4C + 25%MoS2) improved wear 
resistance due to the solid lubricant properties of MoS2. 

Barati et al. [167] reinforced AA6061 using SiO2 nanoparti-
cles via FSP, with and without vibration. Calcium carbonate 
(CaCO3) was also used in AA6082 composites, where the 
grain size was reduced to 10–12 μm due to dynamic recrys-
tallisation, significantly improving microhardness and wear 
resistance [168]. Vanadium particles were introduced into 
AA6063 through FSP, which enhanced tensile properties 
while maintaining ductility due to uniform particle disper-
sion and fine-grain structure [52]. In another study, Deore 
et al. [169] aimed to enhance the surface of AA7075 by com-
paring different filler materials—Silicon carbide (SiC), Cop-
per (Cu), and Multiwall carbon nanotubes (MWCNT)—dur-
ing FSP. They found that FSP induced grain refinement with 
all fillers, with SiC achieving the finest grain size. Post-pro-
cess age hardening produced MgZn2 precipitates, improv-
ing impact toughness, microhardness, and wear resistance. 
Kumar et al. [170] found that adding niobium carbide (NbC) 
particles also enhanced the hardness and tensile strength 
of FSPed AA7075. These studies have shown that incor-
porating composite materials into aluminium alloys using 
FSP improves mechanical properties. Techniques involving 
nano-sized graphene, TiB2, SiO2, CaCO3, and vanadium 
particles lead to grain refinement and enhanced hardness, 
tensile strength, and wear resistance. Comparative studies 
on AA7075 with various fillers revealed that materials like 
SiC and MWCNT significantly improve microstructural 
properties, while post-process treatments further optimise 
performance.

These studies collectively demonstrate that incorporating 
various composite materials into aluminium alloys via FSP 
leads to significant improvements in mechanical properties, 
including grain refinement, hardness, tensile strength, and 
wear resistance. Techniques involving nanoparticles and dif-
ferent fillers consistently enhance microstructural and prop-
erty characteristics, with additional post-process treatments 
further optimising performance. For a deeper understanding 
of FSW in dissimilar heat-treatable aluminium alloys, refer 
to studies [171] and [172].

Other studies have explored the effects of composite 
powders on the microstructure and properties of non-heat-
treatable aluminium alloys. Akinlabi et al. [173] explored 
the application of FSP to create surface composites of 
AA1050 reinforced with TiC powder. They examined 
how rotational speeds (1200 and 1600 RPM) and traverse 
speeds (100, 200, and 300 mm/min) impacted the micro-
hardness and wear resistance of the resulting Al-TiC com-
posites. The TiC powder was compacted into a V-groove 
on the material surface using a pinless tool, with the opti-
mal parameters identified as 1200 RPM and 100 mm/min, 
resulting in effective heat generation and TiC powder melt-
ing. Similarly, Zhang et al. [174] studied the effect of heat 
input on the microstructure and mechanical properties of 
Al1060 nanocomposites reinforced with carbon nanotubes 
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(CNTs). By varying rotational speeds (600, 750, and 950 
RPM) and traverse speeds (30, 95, and 150 mm/min), 
they found that increased energy input led to slight grain 
coarsening and better CNT dispersion within the Al1060 
matrix. The highest energy input significantly enhanced 
the mechanical properties, resulting in a 53.8% increase 
in tensile strength and a 31.2% increase in elongation 
compared to unreinforced aluminium. Sathish et al. [175] 
reinforced AA8006 aluminium alloy with zirconium diox-
ide (zirconia) using FSP. The study found that zirconia 
improved weld quality, with rotational speed affecting cor-
rosion resistance, surface grain structure, tensile strength, 
and microhardness in the welded zone. Further research 
by Jain et al. [176] explored the incorporation of TiO2 
particles into AA1050 using FSP. They investigated the 
effect of multiple FSP passes, with alternating directions 
between passes. Their findings showed that while the first 
pass resulted in particle agglomeration and insufficient 
material flow, the second pass produced a more uniform 
microstructure with finer grains and improved hardness. 
These results were consistent with those of another study 
[53], which analysed the effects of multiple FSP passes 
using Al2O3 nanocomposites with AA1050. Overall, these 
studies underscore the importance of processing param-
eters in optimising the microstructure and mechanical 
properties of aluminium-based composites.

Overall, these studies highlight the significant role of 
processing parameters in optimising the microstructure 
and mechanical properties of aluminium-based composites. 
They demonstrate that careful control of FSP parameters can 
effectively enhance the performance of non-heat-treatable 
aluminium alloys through improved reinforcement distribu-
tion, grain refinement, and property enhancement.

In summary, FSP shares the fundamental principles of 
frictional heat generation and plastic deformation with 
FSW. However, FSP is applied differently to achieve specific 
objectives in enhancing the mechanical and microstructural 
properties of materials. While FSP offers notable benefits, 
including improved material properties without melting, it 
also presents challenges, such as the formation of a keyhole 
defect and the requirement for a suitable fixture to hold the 
workpiece in place during processing.

2.5 � Friction Surfacing (FS)

Friction surfacing (FS) is a surface-coating process derived 
from FSP. Unlike FSW and FSP, FS utilises a consumable 
tool that is plastically deformed and traverses across the 
workpiece [177]. This tool, subjected to high rotational 
speed and forging force, generates frictional heat, softening 
both the rod material and the substrate. As a result, they 
bond together, forming a deposited layer on the substrate 

Fig. 14   Friction surfacing 
process [178]
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surface [178], as depicted in Fig. 14. This layer enhances 
the mechanical, tribological, and corrosion properties of the 
substrate [179].

Optimising FS process parameters affects the temperature 
distribution and the coating thickness of the tool material. 
Kallien et al. [180] delved into the effects of FS process 
parameters on temperature profiles and deposition geom-
etry when applying an AA 5083 H112 rod onto an AA 
7050 T7451 substrate. Key parameters examined included 
axial force, rotational speed, and traverse speed. Their find-
ings highlighted the significance of tool rotational speed 
and axial force in influencing temperature dynamics. Spe-
cifically, they noted a direct correlation between rotational 
speed and temperature development. Moreover, higher axial 
force resulted in the formation of thinner and wider deposits. 
The study also revealed that substrate thickness played a 
role in temperature distribution, with the use of a Ti backing 

plate maintaining temperature better than an Al backing 
plate, leading to thinner and wider deposits. Yu et al. [181] 
employed an AA6061 aluminium alloy rod with a diameter 
of 20 mm to coat a 2 mm thick Q235 plate substrate using 
FS. Rotational speeds of 1400, 1600, and 1800 rpm were 
applied. Their investigation revealed a significant influence 
of rotational speed on the dimensions of the coating layer. 
The maximum deposition thickness of 5 mm was achieved at 
1600 rpm, exhibiting better corrosion resistance, randomly 
distributed intermetallic compounds (IMCs), and a refined 
microstructure. Conversely, rotational speeds of 1800 rpm 
and 1400 rpm yielded deposition thicknesses of 1.5 mm 
and 1.2 mm, respectively. These findings align with those 
of previous studies [179, 182–184]. Other techniques were 
explored to investigate the FS performance by incorporating 
particle reinforcement. Pirhayati and Aval [185] employed a 
consumable AA2024 aluminium alloy rod with a diameter 

Fig. 15   SEM images of coated samples (a-d) before heat treatment and (e–h) after heat treatment: a-e 0 wt.% Ag, (b-f) 5.3 wt.% Ag; c-g 10.6 
wt.% Ag; d-h 16.0 wt.% Ag
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of 20 mm, featuring drilled holes for feeding silver (Ag) 
particles at concentrations of 5.3, 10.6, and 16 wt.%. These 
particles were introduced during the coating process of a 
2 mm thick AA2024 aluminium alloy substrate. Their find-
ings indicated a decrease in coating efficiency with the addi-
tion of small amounts of Ag powders. Moreover, the grain 
size of the coating was reduced due to the formation of a 
solid solution of Al − Ag and intermetallic compounds con-
taining Ag. Figure 15 represents the SEM images of coated 
samples before and after heat treatment at different concen-
trations of Ag. Bararpour et al. [186] employed a similar 
technique by introducing zinc powder through drilled holes 
in a 20 mm diameter Al–Mg alloy consumable rod. They 
utilised an AA5052 aluminium alloy plate with a thickness 
of 2 mm as the substrate material. Their study revealed that 
the presence of Zn powder enhanced the thermal stability of 
the coating. Additionally, the kinetics of grain growth during 
heat treatment decreased from 1.46 mm/h for coatings free 
of Zn to 0.55 mm/h for coatings containing Zn. Moreover, 
they observed an increase in the strength and hardness of the 
Zn-containing coating after 8 h of heat treatment, but this 
effect decreased after 12 h. There is a lack of exploration into 
the optimal particle concentrations or types for enhancing 
coating properties. Moreover, there is limited research on 
the performance of the hybridisation of FS with external 
energy sources.

In summary, FS has found extensive application in both 
low and high-melting-point alloys, including aluminium, 
magnesium, titanium, and steel-based alloys [187]. Moreo-
ver, FS has demonstrated superior performance in coating 
both similar and dissimilar materials compared to other clad-
ding methods. However, FS has some disadvantages, such 
as poor bonding at edges and the presence of a revolving 
flash around the rod, which contributes to a decrease in the 
deposited mass [188].

2.6 � Additive Friction Stir deposition (AFSD)

Additive Friction Stir deposition (AFSD) is another tech-
nique based on additive manufacturing, such as FSAM, 

which emerged with a patent in 2016 [9]. Unlike FSAM, 
AFSD is not grounded in welding concepts but rather 
focuses on a solid-state processing approach that harnesses 
the advantages of additive manufacturing. The AFSD pro-
cess merges the flexibility inherent in additive manufac-
turing with the robust material properties characteristic of 
solid-state processing techniques [126, 189]. This method is 
applied across various industries, including aerospace, auto-
motive, and general manufacturing, where there is a demand 
for high-strength, high-quality components [190, 191]. 
Additionally, AFSD offers an innovative solution for recy-
cling waste metals by utilizing metal chips as the deposition 
material [192]. The technique provides versatility through 
three primary methods: using feedstock directly, feeding 
powder through the tool, or placing the powder in front of 
the tool, as illustrated in Fig. 16 [16]. Each approach allows 
for different applications and customization of the deposition 
process, making AFSD a flexible and efficient technology for 
both new manufacturing and material recycling.

In AFSD, a hollow rotating non-consumable tool gener-
ates frictional heat. This heat softens the supplied material—
either feedstock or powder—which is then deposited layer 
by layer onto the substrate. Recrystallisation in the deposited 
area leads to the formation of fine grains [189].

For the feedstock method, Anderson-Wedge et al. [193] 
conducted a parametric study to explore the influence 
of rotational speed (ranging between 175 and 300 rpm) 
and traverse speed (ranging between 88.9 mm/min and 
139.7 mm/min) of the AFSD tool. The material was depos-
ited as a square rod through the hollowed tool, with a feed-
stock feed rate of 78.74 mm/min for 175 rpm, and 101.6 mm/
min and 88.9 mm/min for the remaining experimental runs. 
To promote material mixing, a tool with four protrusions on 
the tool face was employed. The optimal parameters were 
identified as 200 rpm and 101.6 mm/min, and the result-
ing microstructural properties were compared with those of 
AA2219-T87. The grain size of the AFSD part was approxi-
mately 5.5 times smaller than that in AA2219-T87, as illus-
trated in Fig. 17. Due to the monotonic and cyclic strain-
controlled response, the accumulation of the AFSD part was 

Fig. 16   AFSD process types: a feedstock, (b) feeding powder in front of the tool, and (c) feeding powder through the tool [16]
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slower than that of the wrought material. Garcia et al. [194] 
conducted a parametric study to investigate the influence of 
the AFSD tool's rotational speed (300, 600, and 900 rpm) 
and traverse speed (1.00, 2.00, and 3.00 mm/s) on tempera-
ture evolution and heat generation. Two different materials 
were investigated: pure copper (Cu) and AA6061 aluminium 
alloy, with both the deposited material and substrate being of 
the same composition. The interfacial contact was observed 
under partial slipping/sticking conditions for AA6061 and 
full slipping conditions for Cu. Consequently, we observed 
differences in heat generation between AA6061 and Cu, 
which led to variations in the power laws governing peak 
temperature. These results are consistent with [195, 196].

Several studies have explored the utilisation of pow-
der materials. For instance, Derazkola and Simchi [197] 
employed AFSD to fabricate polycarbonate-based nano-
composites by injecting colloidal alumina nanoparticles 
into a plasticised polymer. The process parameters included 
a rotational speed of 2000 rpm, a traverse speed of 30 mm/
min, a plunge depth of 0.4 mm, and a tilt angle of 2 degrees. 

Colloidal nanoparticles were fed using a screw extrusion 
system rotating at the same speed as the tool. SEM analysis 
revealed a laminar flow of the polymer with a small accu-
mulation of nanoparticles due to in-situ feeding, resulting 
in significant changes in the physicomechanical properties 
of the polymer. The tensile strength and hardness in the 
longitudinal direction were observed to be approximately 
26% and 9% higher, respectively, than those in the trans-
verse direction. Crack propagation was observed from the 
heat-affected zone (HAZ) to the stir zone (SZ) interface. 
Mukhopadhyay and Saha [198] conducted a layer-by-layer 
deposition of a 7 mm thickness of pure aluminium powder 
with particle sizes ranging from 50 to 300 μm using AFSD. 
Employing an H13 concave bottom probless tool, the study 
involved initial groove application on the substrate to aid 
deposition and minimise powder dispersion during the pro-
cess. The powder was fed through a duct from a container 
positioned ahead of the AFSD tool. They observed no dis-
cernible microstructural differences between the transverse 
and short-transverse directions. Furthermore, they noted an 

Fig. 17   Optical macrostructure 
represents the grain sizes of (a) 
AFSD AA2219 and (b) wrought 
AA2219-T87, and TEM 
micrographs of (a) wrought 
AA2219-T8 and (b) as-depos-
ited AA2219 illustrating θ and 
θ’ precipitates [193]

Fig. 18   SEM image of (a) 
deposit and (b) aluminium 
powder [198]
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improvement in the deposited powder tensile strength com-
pared to strain-hardened AA1060-H12 (pure aluminium). 
In contrast to FSAM, they concluded that AFSD deposition 
did not directly influence the microstructure of the previ-
ously deposited layer, attributed to the probe-less nature of 
the AFSP tool, which did not penetrate the layer for stirring. 
Figure 18 represents an SEM image of the deposit and alu-
minium powder. Jordon et al. [199] investigated the impact 
of AFSD on recycling waste machine chips of AA5083-
H131 aluminium alloy. They utilised the chips as feedstock 
fed through the AFSD tool. Electron backscatter diffraction 
analysis revealed an equiaxed grain structure with a diam-
eter of 1.5 mm. Their findings suggest that AFSD holds 
promise for recycling machine chips to produce dependable 
structures. However, there is a lack of comparative studies 
between AFSD-produced parts and conventionally manu-
factured counterparts, which could provide valuable insights 
into the advantages and limitations of the AFSD process.

These studies illustrate the potential of AFSD for a vari-
ety of applications, including the enhancement of polymer 
properties with nanoparticles, the deposition of aluminium 
powders, and the recycling of aluminium waste. Further 
research is necessary to compare AFSD-produced parts 
with conventionally manufactured counterparts and gain 
a better understanding of the long-term performance and 
durability of AFSD-fabricated components, even though 
AFSD shows promise in improving material properties and 
enabling recycling.

In summary, the AFSD process offers numerous advan-
tages, including homogeneous microstructural character-
istics, excellent mechanical properties, and the absence of 
melting, which helps reduce residual stress [200]. These 
attributes have led to its application in various industrial 
settings. Some notable applications of AFSD include recy-
cling waste chips into products [199, 201], reinforcing auto-
motive panels [202], and facilitating the structural repair of 
components [203, 204]. Additional research on AFSD can 
be explored in [205].

3 � Hybrid FSW processes

As previously mentioned, FSW is considered the founda-
tional technique among FSTs and sharing many principles 
with other FST methods. This section focuses on enhance-
ment approaches applied to FSW, particularly through the 
integration of external energy sources.

Despite the proven advantages of FSW over traditional 
fusion welding techniques, several challenges remain, par-
ticularly when welding materials with intermediate to high 
tensile properties and higher melting points. These materi-
als include high-strength aluminium alloys, ferrous metals, 
titanium, nickel, and copper alloys, as well as metal matrix 

composites. The primary challenge lies in generating enough 
heat to effectively soften these materials during welding 
[206]. Consequently, numerous studies have focused on 
optimizing FSW process parameters to identify the optimal 
conditions that produce adequate frictional heat for softening 
the materials near the weld region. Additionally, effective 
heat generation not only reduces the load on the welding tool 
but also enhances tool life, welding efficiency, and overall 
weld quality.

Other attempts have been carried out to address the 
limitations of FSW in welding harder materials, including 
hybridizing the FSW process with external energy sources 
that provide additional preheating or pre-softening mecha-
nisms [82]. These external energy sources can be classi-
fied into thermal and mechanical energy sources. Thermal 
energy sources, such as induction [207], laser [208], elec-
tricity [209], arc [210], and plasma [211], apply heat to the 
workpieces, facilitating material softening before or dur-
ing welding. In contrast, mechanical energy sources, like 
ultrasonic vibration [212], enhance material flow during 
the FSW process without significantly altering the process 
temperature.

This hybridization approach aims to overcome the chal-
lenges posed by harder materials and improve overall weld-
ing performance. This part will talk about different hybrid 
FSW processes, such as induction-assisted FSW, laser-
assisted FSW, electrically-assisted FSW, arc-assisted FSW, 
and ultrasonic vibration-assisted FSW. We will talk about 
how they work and how they have helped the FSW technique 
move forward.

3.1 � Induction‑assisted FSW

Induction heating is a well-known and widely used method 
for heating and heat-treating materials, particularly steel. 
This technique offers several advantages, including rapid 
and precise localised heating, environmental friendliness, 
and lower energy consumption compared to other heating 
methods. The principle of induction heating involves inter-
actions among thermal, electromagnetic, and metallurgi-
cal phenomena. An alternating electric current generates 
an electromagnetic field, causing eddy currents within the 
workpiece. The material then distributes the generated heat 
from these eddy currents. The amount of energy produced 
depends on the material's properties, such as its electrical 
conductivity and magnetic permeability [213].

Leveraging the advantages of induction heating, research-
ers have developed a technique to enhance FSW by integrat-
ing it with induction heating, resulting in what is known as 
induction-assisted friction stir welding (IaFSW). As shown 
in Fig. 19, IaFSW uses a non-contact electromagnetic induc-
tion source, a coil carrying an alternating current, to heat the 
conductive material. When the coil introduces this material 
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into its magnetic field, the resistance to the current flow-
ing through it causes it to heat up. We apply this heating 
source to preheat high-melting-point materials or the FSW 
tool. IaFSW has demonstrated several advantages, includ-
ing increased welding speed, reduced welding forces, and 
enhanced microstructure of the welded joint [206, 207].

Saha and Biswas [214] conducted a comparative study 
between FSW and IaFSW. This study used the Inconel 
718 alloy and evaluated the temperature distribution and 
residual stresses. The findings indicated a 15% decrease 
in residual stresses in IaFSW joints compared to FSW. 
Moreover, the temperature was uniformly distributed in 
IaFSW, experiencing an increase of 138 °C. Finite element 
modelling revealed a 23% reduction in reaction forces on 
the pin during plunging in IaFSW, and plastic strain values 
in IaFSW were 55% higher than those in FSW. According 
to the same authors [215], increasing the traverse speed in 
IaFSW resulted in a sound welded joint for Inconel 718 

alloy. Raj and Biswas [216], conducted another compara-
tive study between FSW and IaFSW. They made differ-
ent joints with Inconel 718 and stainless steel (SS316L) 
alloy, moving at 70 mm/min in FSW and 140 mm/min 
with induction heating at 300 °C in IaFSW. Both welding 
techniques resulted in highly refined grains, as shown in 
Fig. 20. The findings indicated that the I-FSW process 
could produce high-quality joints at elevated traverse 
speeds. Additionally, preheating reduced the downward 
force and enhanced tool life. In an attempt to eliminate 
the presence of exit holes in FSW, Ramon et al. [217] 
employed a billet with a volume similar to that of an exit 
hole. They investigated the efficacy of an induction heating 
source for eradicating this defect. Utilising a two-dimen-
sional numerical simulation, the researchers analysed the 
influence of IaFSW on AA1100. The results indicated that 
IaFSW demonstrated notable efficacy in rectifying the exit 
hole defect.

Fig. 19   Induction-assisted FSW 
process [36]

Fig. 20   a Visual inspection and cross-sectional views of welded plates and (b) Axial force diagram during the FSW and I-FSW [216]
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Collectively, these studies illustrate that IaFSW not only 
enhances the mechanical properties and performance of 
welded joints but also provides solutions to common defects, 
offering a valuable alternative to traditional FSW meth-
ods. However, utilising IaFSW has limitations [206, 207]. 
This technique applies to electrically conductive materials. 
Additionally, it is challenging to ensure that the heating is 
precisely directed to the intended position and that control 
measures are necessary to prevent undesirable sparks and 
potential electrical shocks [82, 207].

3.2 � Laser‑assisted FSW

Laser welding is a highly precise fusion welding technique 
that leverages a focused laser beam to melt and join materi-
als. This technique involves directing a high-intensity laser 
beam onto the workpieces using mirrors or optical lenses 
to concentrate the heat at a specific location. Commonly 
used laser sources for this process include CO2, ytterbium 
fiber, and multimode Nd: YAG lasers [218]. Laser welding 
is noted for its exceptional precision and accuracy, as it can 
concentrate the beam on a small area, leading to minimal 
thermal distortion and improved control over the weld qual-
ity. The method is both rapid and effective, making it suit-
able for high-precision applications.

Laser-assisted friction stir welding (LaFSW), illustrated 
in Fig. 21, integrates the principles of laser welding with 
FSW to enhance performance. In LaFSW, the laser beam 
is employed to preheat the workpiece material prior to the 
engagement of the rotating pin of the FSW tool. This pre-
heating step helps to soften the material, thereby facilitat-
ing the welding process. The application of laser preheating 
significantly improves the efficiency of the FSW process, 
leading to enhanced weld quality, increased productivity, 
and reduced overall welding time [219]. By combining these 
two technologies, LaFSW addresses some of the limitations 
associated with traditional FSW, such as difficulties in weld-
ing high-melting-point materials and achieving optimal weld 

characteristics. This hybrid approach thus represents a sig-
nificant advancement in welding technology, offering greater 
flexibility and effectiveness across a range of materials and 
applications.

Wada et al. [220] investigated the preheating impact of 
laser power and laser position on the FSW process torque and 
defect formation during the welding of carbon steel (S55C). 
The laser source was maintained at an irradiation angle of 
45°, with a power range varying between 1000–2000 W. 
Results from the study indicated that defect-free joints were 
achieved when applying the laser source at the retreating 
side with a laser power exceeding 1500 W. It was elucidated 
that the LaFSW technique reduced torque and resisting force 
on the tool compared to traditional FSW. Additionally, the 
study highlighted that the laser source position influenced 
the characteristics of the welded joints. Two fully coupled 
thermomechanical numerical simulation models were 
employed by [221] using Abaqus/Explicit to explore the 
impacts of FSW and LaFSW. In this investigation, the laser 
source was positioned at a 20 mm distance from the rotating 
tool. Through optimising process parameters, the research-
ers determined that the traverse speed in LaFSW could be 
increased to 1500 mm/min, producing high-quality joints 
in low alloy steel grade DH36. Furthermore, they observed 
that the axial force in LaFSW was approximately half that in 
FSW, leading to an extended tool life and improved process 
efficiency. The post-heating process effect using laser peen-
ing (LP) was investigated by [222] through a combination of 
a 3D finite element model implemented in ABAQUS soft-
ware and experimental work. The study focused on applying 
LP to an FSWed joint of Al-Li 2195 alloy to examine its 
impact on residual stress distribution. Key input parameters 
included laser power density, impact number, and spot over-
lap. The findings revealed a direct proportionality between 
residual stress and laser power density, laser impact number, 
and an inverse proportionality with spot overlap rate.

Despite the advantages of LaFSW over IaFSW, several 
challenges remain. Campanelli et al. [208] identified that 

Fig. 21   Laser-assisted FSW 
process [219]
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LaFSW is significantly more expensive and tends to have 
higher power consumption compared to IaFSW. Further-
more, the use of any external heating source in conjunc-
tion with FSW introduces the risk of overheating. This can 
lead to several issues, including melting of the workpiece, 
formation of liquified cracks, and an increased size of the 
HAZ [219, 223]. These drawbacks underscore the need for 
careful management of the heating parameters to mitigate 
potential negative impacts on weld quality and overall pro-
cess efficiency.

3.3 � Electrically‑assisted FSW

Electrically assisted friction stir welding (EaFSW) operates 
on the principle of generating resistance heating in the weld-
ing zone through the flow of electric current. An external 
power supply is employed to produce the required electrical 
current. A mica film is utilised in the backing plate to insu-
late the workpiece. A cooling system is required to prevent 
pin damage due to excessive current [224]. However, certain 
precautions must be taken when using EaFSW, including 
the need for insulating and cooling systems [82]. An AC 
power supply is preferred over a DC power supply in EaFSW 
because it provides a more uniform energy distribution. This 
is attributed to the cyclic nature of tool rotation and the uni-
form sinusoidal waveform of energy [82, 224]. EaFSW may 
lead to a root defect that is challenging to detect through 
non-destructive testing. This defect can result in failures in 

structures exposed to corrosive environments, such as those 
in naval or aerospace applications [82].

As illustrated in Fig. 22, the EaFSW process can be cat-
egorised based on the electrical current circuit. In this con-
figuration, the FSW is connected to the positive side of the 
power supply, while the conductive strip can be positioned at 
the back of the workpiece (Fig. 22-a). The generated resist-
ance heat acts as a heat treatment to reduce the residual 
stresses in the welded joint as the current passes behind the 
welding tool [209]. Alternatively, if the conductive strip 
is connected to the front of the workpiece (Fig. 22-b), this 
process is referred to as a preheating process, softening the 
metal along the joint line. This connection is suitable for 
hard materials as it reduces welding forces and extends the 
life of the FSW tool [225]. The third model, depicted in 
Fig. 22-c, is applied when welding dissimilar materials. In 
this case, the current passes through the material with the 
highest melting point, using resistance heat to increase stir-
ring in the hard material [226].

The EaFSW tool can be categorised into four groups 
based on the current connection to the FSW tool. The first 
group involves a hollow FSW tool with a conductive core 
or coil, as depicted in Fig. 23-a. The electrical heat input 
and current flow are influenced by the material thickness 
and conductivity [227]. The second type of tool connection, 
illustrated in Fig. 23-b, is the simplest. In this configura-
tion, the electrical current flows through the tool using con-
ductive strips [228]. This type results in an increase in the 

Fig. 22   EaFSW configurations (a) heat-treatment, (b) preheating, and (c) current pass through one workpiece [209]

Fig. 23   EaFSW tool categories (a) using conductive core, (b) using conductive strips, (c) using conductive strips and coolant and (d) using cool-
ant and electromagnetics [209]
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tool temperature, necessitating a cooling system, which is 
implemented in the third group (Fig. 23-c). The tool in this 
category is designed with an inside hole to allow a coolant 
to flow inside it. The coolant can be either a gas (nitrogen 
or hydrogen) or a liquid (water) [206]. In the fourth type, an 
electromagnetic or ultrasound vibration system is applied to 
enhance the quality of the welded joints in either type one 
or type three [209].

The tool wear in EaFSW and FSW was investigated by 
Sengupta et al. [229] using a tungsten carbide (WC) tool to 
join Inconel 601 alloy by preheating the joint type EaFSW. 
Input parameters included tool speeds and applied current. 
The findings indicated that tool wear in EaFSW was lower 
compared to FSW, which was attributed to the developed 
resistance heat that reduced the load on the tool. Addition-
ally, EaFSW led to a 21.62% increase in UTS. These results 
align well with those reported in [230]. This paper presents 
a variant of FSW aiming to minimise or eliminate the root 
defects that still constitute a major constraint to a wider dis-
semination of FSW into industrial applications. The concept 
is based on the use of an external electrical energy source, 
delivering a high-intensity current, passing through a thin 
layer of material between the back plate and the lower tip 
of the tool probe. The heat generated by the Joule effect 
improves material viscoplasticity in this region, minimising 
the root defects. The concept was validated by analytical 
and experimental analysis. Later, a new dedicated tool was 
designed, manufactured, and tested. Numerical simulations 
were performed to study the electrical current flow pattern 
and its effect on the material below the probe tip. The poten-
tial use of this variant was shown by reducing the size of 
the weld root defect, even for significant levels of lack of 
penetration, without affecting the overall metallurgical char-
acteristics of the welded joints.

Han et al. [225] conducted an investigation into the influ-
ence of preheat joint type EaFSW of AZ31B magnesium 
alloy. Their findings revealed that optimising the current 
flow and heat input can eliminate the root defect in the 
joints. As the current increased, the SZ also increased, and 
the grains exhibited a smoother transition between the SZ 
and TMAZ. The study demonstrated that the maximum ten-
sile strength was attained by increasing the current up to 
200 A. However, the hardness showed only a slight impact 
from the current variations. These results are consistent with 
[231] for the same welding type and material and with [232], 
who utilised an EaFSW tool with a coolant to investigate 
the effect of electric current on microstructure character-
istics and tensile properties of Ti-6Al-4 V alloy welded by 
EaFSW. A cooling system consisting of water cooling and 
air cooling was applied to the EaFSW tool to prevent dam-
age caused by high temperatures [233]. The process param-
eters of 800 rpm for rotational speed, 160 mm/min for trav-
erse speed, and 1.5° tilt angle increased the material flow in 

welded aluminium alloy. The results showed that the EaFSW 
process had a positive impact on precipitate distribution in 
the SZ, thereby improving the joint's overall quality. The 
study further reported a noteworthy enhancement in UTS 
and hardness, compared to FSW, with increases of 17.11% 
and 18.13%, respectively.

Similarly, EaFSW has drawbacks similar to other ther-
mal energy-assisted methods. These include the need for 
additional preparations, such as cooling and insulation sys-
tems, to manage the excessive heat generated by the electri-
cal current. These additional requirements can significantly 
increase the overall process expenses. To minimize these 
drawbacks and fully leverage the benefits of EaFSW, further 
enhancements in process design are necessary. A crucial 
aspect that requires careful consideration is the thermal his-
tory during the welding process, as it plays a vital role in 
determining the final quality and properties of the weld.

3.4 � Arc‑assisted FSW

Arc welding is a type of fusion welding that relies on a 
thermal source to join materials by generating heat through 
an electric arc. In this process, an electrode connected to 
a power supply is brought close to the workpiece, creat-
ing an electric arc as the current jumps through the air gap. 
Intense heat from this arc melts the metal at the welding 
point, fusing the materials together. The electrodes used in 
arc welding can be either consumable, where they melt and 
become part of the weld, or non-consumable, like tungsten, 
which does not melt but still generates the arc necessary for 
welding [82].

Arc-assisted Friction Stir Welding (AaFSW) operates 
on a different principle than EaFSW. In EaFSW, the heat-
ing source is based on resistance heating, where current 
passes directly through the workpiece. In contrast, AaFSW 
maintains an air gap between the electrode and the work-
piece, allowing current to pass through and create an arc 
that generates temperatures high enough to melt the metal 
[206], as shown in Fig. 24. AaFSW was pioneered by Sindo 
Kou and Guoping Cao of the Wisconsin Alumni Research 
Foundation [234]. This technique integrates FSW with arc 
welding processes like Plasma Arc Welding (PAW) or Gas 
Tungsten Arc Welding (GTAW) to preheat the material 
before the FSW tool stirs it. AaFSW is particularly effective 
for welding high melting point materials, as the heat from 
arc welding can reach 6,000–8,000 °C with GTAW [235] 
and 10,000–20,000 °C for the PAW [236]. This tempera-
ture enhances the fluidity and plastic flow of the material 
being welded, making the process more efficient. However, 
this technique is not without its drawbacks. The integration 
of arc welding equipment introduces increased complexity 
and higher energy consumption, which can elevate opera-
tional costs. Additionally, the intense heat can also lead to 
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challenges such as oxide formation and fume generation, 
which must be managed to ensure the quality of the weld 
[82]. These challenges may limit the effectiveness and appli-
cability of AaFSW, particularly in scenarios requiring pre-
cise control overheat and material properties.

Li et al. [237] applied GTAW as a preheating system in 
AaFSW of AA2219-T87. They investigated GTAW offsets 
at four locations on the advancing and retreating sides. 
The findings showed that preheating at the advancing side 
enhanced material fluidity and increased the tensile strength 
of the welded joint by 12.3% while reducing the differences 
in hardness between the advancing and retreating sides. 
Additionally, the texture strength in AaFSW was found to 
be lower than that of FSW, indicating that dynamic recrys-
tallisation was adequately achieved with preheating at the 
advancing side. Another investigation utilising GTAW as 
a preheating method was conducted by Yi et al. [238] for 
welding AA2519-T87 aluminium alloy. Their findings ech-
oed previous results, indicating that AaFSW improved the 
material flow. Additionally, they observed that the tensile 
strength and elongation in AaFSW surpassed those achieved 
in FSW by 16.9% and 209.1%, respectively. Pankaj et al. 
[239] conducted experimental and numerical analyses of a 
dissimilar welded joint between DH36 steel and AISI 1008 
steel using AaFSW, with PAW as the preheating process. The 
study observed reduced vertical force, leading to improved 
weld quality as material flow was enhanced. Various weld-
ing parameters, including traverse speed, rotational speed, 
plasma offset, and preheating current, were investigated to 
understand their impact on thermal history. A comparative 
study between FSW and AaFSW revealed that the AaFSW 
process resulted in reduced grain size, while hardness and 
impact toughness values were higher compared to those of 

FSW. These findings align with the results of [240], who 
conducted a numerical analysis and experimental investiga-
tion of AaFSW using AISI 1018 low-carbon steel plates. The 
study investigated tool welding speeds, the gap between the 
plasma source and the tool shoulder, and plasma radius as 
input parameters on comparative thermal history.

Overall, thermally assisted FSW processes offer sub-
stantial improvements in process variables, efficiency, and 
mechanical properties, leading to finer grain structures, 
enhanced tensile properties, and better microstructural char-
acteristics. However, these methods also introduce several 
challenges. The increased heat input can cause degradation 
of mechanical properties, expansion of the HAZ, and growth 
of brittle precipitate phases, which may compromise joint 
integrity. Additionally, each thermal energy source has its 
limitations: induction heating often suffers from uneven heat 
distribution, laser reflections can lead to reduced energy effi-
ciency and electric and arc heating methods are constrained 
to conductive materials. Given these issues, there is a press-
ing need for the development of a cost-effective, high-effi-
ciency secondary energy source that can assist in material 
softening for FSW. Mechanical energy emerges as a promis-
ing alternative, with the potential to address the limitations 
of current thermal methods and enhance both weld quality 
and process efficiency. This approach is explored in greater 
detail in the following section.

3.5 � Ultrasonic vibration assisted FSW

Ultrasonic vibration welding is classified as a solid-state 
welding technique, where no melting occurs during the join-
ing process. Instead, it leverages high-frequency ultrasonic 
vibrations to weld materials. The underlying principle of this 

Fig. 24   GTA-assisted FSW 
process [237]
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method involves using mechanical vibrations to stimulate 
dislocations that have hardened due to deformation, thereby 
reducing stresses and facilitating further plastic deforma-
tion [241]. Notably, the ultrasonic energy required to sof-
ten materials is significantly lower than the thermal energy 
needed, as ultrasonic energy is preferentially absorbed at 
dislocation sites within the grains, rather than uniformly 
throughout the material as with thermal energy [206, 241].

Based on these advantages, ultrasonic vibration weld-
ing has gained significant attention and is applied not only 
in ultrasonic welding and brazing but also as an auxiliary 
technique in FSW. Unlike other hybrid FSW methods that 
rely on high heat inputs, ultrasonic vibration-assisted fric-
tion stir welding (UVaFSW) introduces a novel approach by 
integrating ultrasonic vibrations to enhance the FSW process 
without excessive heat. The ultrasonic vibration frequency 
source softens the material and enhances plastic deformation 
[242, 243]. UVaFSW can produce defect-free joints with 
a smooth transition boundary region in the microstructure. 
Additionally, UVaFSW reduces tool wear, decreases axial 
forces, increases tool life, and enhances the mechanical 
properties of welded joints [244].

The ultrasonic vibration system in UVaFSW comprises 
a generator that produces high-frequency vibrations, which 
are converted into mechanical oscillations by a transducer. 
These oscillations are then transmitted through the welding 
system via a sonotrode or ultrasonic horn. The design of 
the horn is crucial, as its resonance frequency must match 
the working frequency of the ultrasonic generator to ensure 
optimal performance. The efficiency of ultrasonic energy 
transmission through the horn increases as the contact area 
between the horn and the weld zone decreases [206].

The ultrasonic horn in UVaFSW can be configured in two 
primary ways: mounted either directly on the tool (axially 
or radially) or on the workpiece [245, 246]. Some studies 
have explored transmitting vibrations from the horn via the 
backing plate to the workpiece, although this approach is 
less common [206]. Figure 25 illustrates the various con-
figurations of UVaFSW.

In the configuration shown in Fig. 25-a), the ultrasonic 
energy is transferred to the welding zone via multiple path-
ways—from the horn to the tool and then to the material. 
This setup initially encountered issues with energy loss and 
tool wear due to the bearing system between the horn and the 

Fig. 25   Various configurations of ultrasonic energy transmission in 
the UVaFSW process: a transmission directly through the tool side 
[250], (b) axial transmission through the tool [252], (c) transmission 

applied to one of the workpieces [254], and (d) direct transmission 
into the weld zone [257]
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FSW tool. Researchers in [247, 248] have since improved 
this configuration by incorporating a roller bearing with 
the ultrasonic horn, positioning the horn perpendicular to 
the FSW tool to ensure effective transmission of ultrasonic 
vibrations into the stir SZ along the welding direction. Fur-
ther details on this technique are provided in [249, 250].

Another advancement in enhancing ultrasonic vibration 
transmission into the SZ is shown in Fig. 25-b). This tech-
nique, utilized by Ruilin et al. [251], involves applying ultra-
sonic vibrations axially through the FSW tool. Zhang et al. 
[252] further investigated this configuration, analysing its 
impact on the axial force, weld formation, and plastic flow 
behaviour in UVaFSW compared to conventional FSW of 
7N01-T4 aluminium alloy. However, transmitting vibrations 
through the tool could potentially alter the tool's physical 
properties due to acoustic effects.

Two additional developments focus on applying ultra-
sonic vibrations directly to the workpiece. One approach 
involves placing the horn on the workpieces, as explored in 
[253]. Thomä et. al [254] implemented a similar setup using 
an oscillating roll seam module that moves parallel to the 
FSW tool, as illustrated in Fig. 25-c). Despite its innovation, 
this configuration suffers from significant energy loss, as 
the horn is positioned far from the welding zone. Another 
approach, developed by Liu et al. [255, 256] involves apply-
ing the horn at a 45° angle directly on the welding line, with 
the horn moving in sync with the FSW tool along the weld 
line, as shown in Fig. 25-d). This method appears to be the 
most efficient for transmitting ultrasonic energy, as it deliv-
ers energy directly into the weld zone. Further investigations 
into this configuration can be found in [257, 258].

This overview highlights the evolution of ultrasonic 
vibration integration in FSW, emphasizing various con-
figurations and their associated advantages and challenges. 
One notable study by Meng et al. [259] evaluated the effi-
ciency of the UVaFSW process to weld dissimilar mate-
rials AA6061-T6 and AZ31B Mg alloy. Experimental and 
numerical studies were conducted. The ultrasonic trans-
ducer was applied at the Mg workpiece on the advancing 
side. They found that the material flow was enhanced due 
to the vibration, enhancing the weldability of Al/Mg alloys 
and forming a sound joint with a complex mixture of Al/
Mg alloys in the stir zone. The ultrasonic could broaden 
the process window and then improve tensile properties. 
They concluded that the ultrasonic vibration could disperse 
and distribute the smashed IMCs in the SZ and improve 
tensile properties. Also, the material adhesion problem 
on the pin was solved due to vibration. Another study was 
carried out by [244] to weld dissimilar Al/Mg alloys using 
FSW and UVaFSW. A frequency of 20 kHz with a maxi-
mum amplitude of 25 μm (without a load) was applied to 
weld AA7075-T6 and AZ31B alloys. The ultrasonic effect 
reduced the thickness of intermetallic compounds (IMCs) 

and enhanced grain recrystallisation and mechanical proper-
ties of the welded joints. Additionally, ultrasonic vibration 
reduced residual stress, enhancing the stress interaction at 
the Al/Mg interface associated with thinner IMCs. These 
findings are in line with studies of dissimilar materials such 
as Al/Cu [260, 261], Al/Mg [250, 257, 262, 263], Al/Steel 
[254] and similar materials [252, 264, 265].

However, UVaFSW encounters several challenges, 
particularly when applied to materials with low ductil-
ity or high melting points. These materials can pose dif-
ficulties for effective ultrasonic vibration transmission and 
may not respond well to the vibration-induced softening 
effects. Moreover, the high-frequency ultrasonic vibrations, 
although generally beyond the range of human hearing, gen-
erate high-pitched noise that can be uncomfortable or poten-
tially harmful to operators. Addressing these issues involves 
not only refining the ultrasonic vibration parameters but also 
making advancements in the design of the ultrasonic setup to 
reduce energy losses during the welding process. Enhanced 
noise mitigation strategies and improved energy efficiency 
are essential to maximizing the effectiveness and safety of 
UVaFSW, ensuring that it can be applied to a broader range 
of materials and welding scenarios.

Overall, hybrid FSW processes have shown promise in 
improving defect elimination, mechanical properties, and 
surface quality for a variety of materials. They typically lead 
to finer grains, increased hardness, and reduced intermetal-
lic compound thickness. However, there are ongoing chal-
lenges, such as controlling current flow in IaFSW, address-
ing cost and efficiency issues in LaFSW, and reducing tool 
wear in EaFSW. Further research is needed to assess their 
long-term performance and effectiveness across diverse 
materials and conditions. Furthermore, numerical modelling 
should accompany experimental work better to understand 
the interactions between external energy sources and mate-
rials. Additionally, exploring the combination of multiple 
techniques could offer further improvements in welding 
processes.

4 � Current status of FSTs

Advancements in FSTs focus on optimizing process 
parameters and heat treatment to improve joint quality and 
mechanical properties. Fine-tuning process parameters can 
yield joint efficiencies up to 98% in dissimilar aluminium 
alloys [85]. Pre- and post-processing heat treatments play a 
crucial role in enhancing microstructure, with tailored treat-
ments improving tensile strength and corrosion resistance 
[102–106].

The ongoing research focuses on evolving the FSP tech-
niques with the incorporation of cooling systems and hybrid 
FSP, which have significantly improved microstructural 
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refinement and enhanced material properties [160, 162, 
163]. Furthermore, friction stir techniques are being inte-
grated into additive manufacturing, enabling the fabrica-
tion of large structures with superior mechanical properties. 
These methods extend to AFSD, presenting an innovative 
solution for reusing metal chips as deposition materials [192, 
199].

In hybrid FSW, external heat sources significantly 
improve efficiency and mechanical properties but pose 
risks such as overheating, which can lead to melting, lique-
fied cracks, and enlarged heat-affected zones. Effective heat 
management, including cooling and insulation systems, is 
critical, particularly when welding materials with different 
melting points. Research continues to optimize these tech-
niques, including their application to thermoplastic com-
posites, which present unique challenges due to the different 
behaviours of metals and polymers during welding.

4.1 � Summary

FSTs have exhibited significant potential for enhancing 
microstructures through grain refinement and improv-
ing mechanical properties such as hardness, UTS, and YS 
across a wide range of alloys and composites. This capability 
positions FSTs as promising solutions for various engineer-
ing applications in aerospace, transportation, automotive, 
marine, and machinery components.

This review provides an overview of the latest develop-
ments and rapidly expanding knowledge in FSTs, covering 
their applications, advantages, inherent challenges, control 
strategies, and future research directions. The following con-
clusions can be drawn:

	 1.	 Components processed using FSTs exhibit enhanced 
characteristics across various applications.

	 2.	 Notably, the aluminium alloys, known for their high 
strength-to-weight ratio, demonstrate enhanced proper-
ties across various applications when processed using 
FSTs.

	 3.	 In addition to improved mechanical properties, FSTs 
enhance the corrosion resistance of processed alloys, 
including aluminium, magnesium, copper, nickel, and 
titanium.

	 4.	 FSTs also play a vital role in minimising the thickness 
of intermetallic compounds between dissimilar materi-
als, thereby enhancing joint properties. This capability 
expands the scope of their applications in manufactur-
ing processes.

	 5.	 The parameters of FSTs, including tool geometry, 
rotational and traverse speeds, axial force and cool-
ing conditions, play a crucial role in controlling heat 
generation and refining microstructures.

	 6.	 The FSW process offers numerous advantages over 
traditional fusion techniques; however, it still requires 
further development to enhance flexibility compared 
to conventional welding methods.

	 7.	 FSSW and RFSSW demonstrate effectiveness in join-
ing thin materials with improved joint efficiency.

	 8.	 FSP enhances mechanical properties through phase 
transformations and grain refinement in high-strength 
alloys.

	 9.	 Additive friction-based manufacturing techniques 
(such as FSAM and AFSD) excel in repairing struc-
tural defects and improving mechanical properties in 
comparison with other fusion repairing techniques. 
However, these techniques face limitations in flexibil-
ity and manufacturing accuracy.

	10.	 Temperature distribution in AFSD influences heat gen-
eration and deformation mechanisms, which impact 
mechanical properties. Different deposition materials 
are characterised by dynamic recrystallisation accom-
panied by grain growth, precipitate evolution, phase 
transition, etc. Further research is needed to develop 
unified constitutive models under transient thermo-
mechanical conditions.

	11.	 Hybrid FSW processes reduce axial force, eliminate 
welding defects in dissimilar materials, and improve 
mechanical properties and surface morphology.

	12.	 Grain refinement and enhanced hardness are observed 
in most hybrid FSW processes, along with reduced 
intermetallic compound (IMC) thickness at material 
interfaces, leading to improved mechanical properties, 
particularly in UVaFSW.

	13.	 Challenges remain in hybrid FSW processes, includ-
ing controlling current flow in IaFSW, addressing 
efficiency and cost concerns in LaFSW, and designing 
tools to prevent wear in EaFSW.

Finally, we need to explore hybrid FSTs that combine 
FSW/FSP with external energy sources like laser heating, 
ultrasonic vibration, or induction heating. These hybrid 
methods give you more ways to control the amount of heat 
that goes into the joint, make it easier for materials to mix 
at the joint interface, and improve the bonding between 
different types of metals. This leads to better weld quality 
and better mechanical properties.

4.2 � Future research directions

Despite advancements in friction-based techniques, several 
challenges must be addressed before these methods can 
achieve widespread industrial adoption. Future research 
should focus on:
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1.	 Expanding research on integrating auxiliary techniques 
such as arc, laser, or ultrasonic methods with FSP and 
investigating their impact on process efficiency and qual-
ity of the process as done for hybrid FSW.

2.	 Investigating key parameters, such as the cooling effect 
in hybrid FSTs, which is crucial for achieving ultrafine-
grained microstructures in alloys.

3.	 Establishing a comprehensive database of FSTs and 
hybrid FST defects, including their shapes, sizes, and 
corresponding repair techniques. This repository, based 
on experimental data and numerical simulations, will 
enhance troubleshooting and process reliability.

4.	 Developing a defect image database to train AI models 
for closed-loop control systems. Implementing high-
speed optical imaging and correlation techniques based 
on AI model to enable real-time, in-situ monitoring of 
defects and mechanical properties.

5.	 Conducting a Lifecycle Assessment for hybrid FSTs can 
help evaluate their environmental impact and identify 
opportunities for reducing such effects through alterna-
tive approaches. This assessment will provide valuable 
insights into the sustainability of FST processes and 
guide efforts towards minimising their environmental 
footprint.

6.	 Although some literature addresses numerical model-
ling and analysis of LaFSW and EaFSW, comprehensive 
exploration is needed for numerical simulations of vari-
ous hybrid FSW techniques. Understanding the underly-
ing mechanism and the relationship of external energy 
interaction with material flow is crucial. Additionally, a 
thorough investigation into the microstructural aspects 
of joints prepared by hybrid FSW is essential to assess 
the process feasibility for broader applications.

7.	 Investigate the potential of electrical current to enhance 
friction stir spot welding. Research should focus on 
understanding the mechanism of current selection and 
its effects on weld quality and efficiency.

8.	 Explore the hybridization of more than two techniques 
to discover new possibilities and optimize welding pro-
cesses further. This research could lead to breakthroughs 
in welding technology, offering enhanced performance 
and broader application potential.
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