
 

ISSN 1980-6973 (Online) | ISSN 0104-9224 (Print) 

ORIGINAL PAPER 

 

Received: 26 Jan., 2023. Accepted: 10 Oct., 2023. 
E-mails: surendralader@gmail.com (SKL), mayuri.prod@nitjsr.ac.in (MB), rballav.prod@nitjsr.ac.in (RB), swarupbag@iitg.ac.in (SB) 

 
This is an Open Access article distributed under the terms of the Creative Commons Attribution license, which permits unrestricted use, distribution, and 
reproduction in any medium, provided the original work is properly cited. 

Soldagem & Inspeção. 2023;28:e2806 | https://doi.org/10.1590/0104-9224/SI28.06 1/41 

Recent Developments in Friction Stir Welding Tools for 
Weld Bead Defects Minimization – A Review 
Surendra Kumar Lader1 , Mayuri Baruah1 , Raj Ballav1 , Swarup Bag2   
1 National Institute of Technology, Production and Industrial Engineering Department, Jamshedpur, India. 
2 Indian Institute of Technology, Mechanical Engineering Department, Guwahati, India. 

How to cite: Lader SK, Baruah M, Ballav R, Bag S. Recent developments in Friction Stir Welding tools for weld bead defects minimization – 
a review. Soldagem & Inspeção. 2023;28:e2806. https://doi.org/10.1590/0104-9224/SI28.06 

Abstract: Friction stir welding (FSW) is considered one of the most prominent methods for joining ductile materials. In 
this process, joining occurs in a plastic state without melting the base metals. Therefore, there is a lack of solidification 
cracking and shrinking of friction stir weld joints. Although, the improper stirring action of the FSW tool reduces the 
frictional heat input and flow of plasticized material, which deteriorates the weld joint quality. Insufficient and excessive 
heat input both results in the formation of weld flaws. The FSW is assisted with various new supporting tools to reduce 
weld flaws. The main objective of this paper is to provide collective information regarding supportive tool systems 
employed with FSW for the mitigation or elimination of weld flaws. FSW tool systems such as non-rotational shoulder 
assisted FSW, counter-rotating twin tool, reverse dual rotation, self-reacting tool, and in-situ rolling tool, and their 
impact on the weld joint formation is presented in this article. This paper also presented an overview of the remarkable 
effect of optimizing the FSW process parameters and the influence of tool pin profiles on weld joint quality. From this 
review, it is concluded that various FSW supporting tool systems significantly reduce the weld flaws. 
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1. Introduction 
Friction stir welding (FSW) was developed and patented by The Welding Institute (UK) in 1991 [1]. The FSW process is 

named a “Green technique” because this process does not have any adverse effect on the environment [2]. The FSW tool consists 
of a pin and a shoulder, as depicted in Figure 1. The pin and shoulder lower surfaces generate frictional heat due to the rotating 
action of the tool. The heat generated in the process is 60-80% of the base metal’s melting point [3,4]. Plasticized material in 
the front of the FSW tool is then extruded around the pin and mechanically mixed to form a joint. For the welding of aluminum 
alloys, several fusion welding techniques are available. But, the application of these welding techniques is found limited due to 
melting and solidification-related defects. A solid-state welding technique such as FSW could solve these problems. The 6000, 
2000, and 5000 series of aluminum alloys are the most popular aluminum alloys due to their stress corrosion cracking resistance, 
high strength to weight ratio, good machining properties, and stiffness and fatigue resistance. FSW is one of the most preferred 
techniques for joining ductile materials that are hard to weld and for welding plates with dissimilar thickness [5]. Almost all 
ductile materials can be welded through this FSW process which reflects the flexibility and reliability of this technique. 

 
Figure 1. FSW process. 
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The requirement for light and high-strength materials in the automobile, aviation and shipbuilding industries is at its peak 
today. The FSW technique is handy for producing lightweight structures [6-8]. FSW does not require any consumable electrodes 
during the welding process, making the weld joint light in weight [9-12]. This technique is considered the most desirable for joining 
similar and dissimilar aluminum alloys [13,14]. Compared to fusion welding, the formation of weld defects in FSW is quite less, but 
the formation of weld flaws is still inevitable. Several authors attempted various methods to reduce the weld flaws by varying FSW 
process parameters, tool shoulder design, and tool pin profile. Despite several studies on the effect of FSW process parameters and 
tool pin profiles, there is still the formation of weld porosity, voids, cracks, tunnel defects, etc. To further minimize the imperfection 
of weld joint modern FSW tools were invented to enhance the weld joint quality. Material selection of the tool is an essential aspect 
of FSW to improve the load-bearing capacity and dimensional stability of the FSW tool [15,16]. During the welding of hard materials 
such as steel and titanium alloys, there is a substantial temperature rise, resulting in the wearing of the tool, which significantly 
affects the performance of tool and weld joint [17]. The tool pin design is another influential parameter in improving the material 
flow and stirring effect [18]. Several tool pin profiles are used during welding to enhance the weld joint properties [19]. FSW tools 
and parameters which affect the formation of weld flaws are depicted in Figure 2. 

Advanced joining FSW tools, essential to any manufacturing process, are employed with FSW to access their sustainability for 
use in high-strength and lightweight structures [9]. In recent years several articles on FSW and its impact on the aerospace and 
automobile industry have been reviewed [20,21]. In the open literature, there is a lot of collective information available regarding 
advances in friction stir welding [22], the effect of water cooling [23], recent developments in friction stir processing [24], 
industrialization, and research status [25]. However, there is a lack of proper literature reviewing the roles of friction stir welding 
supporting tools on weld joint formation. 

The present article emphasizes the FSW-assisted tool systems where material stirring occurs. The main goal of this paper 
is to highlight the supportive tool systems of FSW, which are beneficial for reducing weld imperfections compared to 
conventional FSW. Furthermore, the effect of tool pin profiles, the importance of optimizing process parameters, and their roles 
in enhancing the overall quality of weld joints is reported in the present article. 

 
Figure 2. Classification of FSW conventional tools, advanced tools systems and FSW process parameters which affect the formation of weld flaws. 

2. Significance of Conventional FSW Tool on the Formation of Weld Joint 

2.1. Effect of tool material on the development of weld joint 
Defects in FSW are generally formed due to improper selection of tool material, tool pin profile and FSW process 

parameters. Material selection of tool is an important aspect in FSW in order to improve load bearing capacity and dimensional 
stability of tool [26-30]. During welding of soft materials like aluminum and magnesium alloys, the most common tool material 
employed during FSW are mentioned in the Table 1. For high strength aluminum alloys such as AA2024 and AA7075, there is 
substantial rise in temperature which results in wearing of tool which significantly affect the performance of tool and weld joint 
as well [17,30]. During FSW of hard materials, the FSW tool deform and material from the tool detached and mixes in the weld 
zone in the form of fragments. These fragments are also one of the main reasons of forming weld defects in the FSW stirred 
zone due to difference in the melting temperature of tool material and base metal. It is difficult to apply FSW to hard materials 
like steel and titanium alloys because of excessive tool wear throughout the process. During the plunge phase the tool wears 
out the most. Additionally, the iron present in these FSW tool made up of tool steels mixes with the aluminum at the stirred 
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zone (SZ) and form Fe-Al composites [26-30]. Fe-Al composites are brittle in nature and deteriorate the FSW joint quality. Wear 
is caused by the FSW tool rotation and translation through the workpiece. The FSW tool may also distort plastically as a result 
of a drop in its yield strength at high temperatures and heavy loads. Tool failure may occur when the stresses exceed the tool's 
capacity to support the load. A threaded AISI oil-hardened steel tool wearing is shown in Figure 3 formed during the FSW of 
Al6061 [31]. However, it has been noted that after the initial wear, the wear rates of FSW tool significantly reduce and produces 
smoothed surface (or self-optimized) tool as depicted in Figure 3, which may also continue to produce high-quality welds [31,32]. 

Table 1. Common tool materials used for FSW of soft metals. 

Tool Material Work piece material 
Mild Steel Magnesium alloys 

High Carbon Steel Magnesium alloys 
Armour Steel Magnesium alloys 
Stainless Steel Magnesium alloys 

AISI 4140 Dissimilar materials 
AISI oil hardened tool steel Aluminum matrix composite materials 

High Speed Steel Magnesium alloys 
Tool Steel Aluminum alloys, Dissimilar materials 
H13 Steel Magnesium alloys 

SKD61 Tool Steel Dissimilar materials 
High Carbon High Chromium Steel Magnesium alloys, Aluminum alloys, Dissimilar materials 

 
Figure 3. Evolution of tool wear in the FSW of AA6061 with 01 AISI oil hardened tool steel at 1000 rpm rotational speed and welding speed of 

(a) 3 mm/sec (b) 9mm/sec: distances travelled by tool in meters are indicated in right below for each tool [31]. 

The hardening of FSW tool was recommended prior to FSW to eliminate the deformation during FSW. Most of the FSW 
tools were made up of tool steels such as stainless steel, D2, D3 and H13 [26-30]. Despite, the fact that it is frequently employed 
to weld aluminum and other soft metals, the applicability of FSW to hard alloys like steels and titanium alloys is limited due to 
premature tool failure. It was discovered that the kind of tool coating significantly influence the mechanical, metallurgical, and 
stress distribution characteristics of the welding zone [32]. Cevik et al. reported that the samples created by the uncoated tool 
and the TiN-coated tool at different rotational speeds, smooth and fine grains developed in the weld joint [32], depicted in the 
Figure 4. As compared to an untreated tool, the TiN-coated tool generates less heat input into the joint and makes the tool wear 
resistant which significantly reduces the inclusion defects [32]. It was discovered that the kind of tool coating had an impact on 
the mechanical, metallurgical, and stress distribution characteristics of the welding zone. On the retreating side of the samples 
created by the uncoated stirring tool and the TiN-coated stirring tool at different rotational speeds, micro-void flaws and broad 
grain bands developed. As compared to an untreated tool, the TiN-coated tool provided less heat input into the joint. 
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At high temperatures, severe plastic deformation occurs which resulted into the formation of flash defects [26-30]. The 
best tool pin geometry for a certain set of welding variables, tool and work-piece materials, can be identified based on its load 
bearing capability and its wear resistance. Furthermore, to improve the material flow and stirring effect the tool pin design is 
another influential parameter [18]. Several types of shoulder design and tool pin profiles are used during welding in order to 
enhance the weld joint properties [19,33,34] which are discussed in further sections. 

 
Figure 4. Effect of tool coating on microstructure of AA7075-T651 for (a) uncoated tool (b) TiN coated tool at 900rpm tool rotational speed [32]. 

2.2. Effect of tool shoulder geometry and pin geometry on the weld joint quality 

Material mixing, heat generation, plunge force, and overall consistency of the joint are greatly influenced by the tool design 
[35,36]. The tool shoulder produces frictional heat and prevents material from escaping the weld zone [19,37]. Optimum 
shoulder design is necessary to attain adequate frictional heat input during FSW [38]. Several FSW tool shoulder design depicted 
in the Figure 5 were opted nowadays to enhance the surface mixing and adequate heat generation. As compared to the flat 
shoulder, the concave shoulder shown in the Figure 5 produces quality welds which was reported in several researches 
[37,39,40]. During plunging of FSW tool, the material displaced by the pin is fed into the cavity within the tool shoulder. Further 
the forward motion of the tool forces new material into the cavity of the shoulder, pushing the existing material into the flow 
of pin. This type of shoulder design significantly eliminates the voids and tunnel defect [41]. In addition to the shoulder design 
the diameter of shoulder also plays a crucial role for the heat generation [42]. Higher shoulder diameter increases the pressure 
force and heat input. Excessive heat input results in the formation of flashes and void defects. Reduction in shoulder diameter 
improves the joint quality microstructural properties [43]. From the several researches, the ideal shoulder design for FSW was 
found to be about 3 to 1.33 times the tool pin diameter [42]. 

 
Figure 5. Different types of FSW tool shoulder (a) and shoulder bottom surface features (b) [39]. 
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Tool pin profile plays a vital role in achieving sound weld joint during the FSW process. Tool pin performs the mechanical 
movement of material, mixing, and stirring action. The various tool pin profiles are used during the welding process to enhance 
the stirring effect and overall quality of the weld joint. The influence of tool pin profile on the development of weld joint are 
mentioned in the Table 2. Some tool pin profiles are cylindrical, tapered, threaded, grooved, fluted [48,49], etc. A homogeneous 
flow of material with good mechanical properties is obtained in a threaded pin [48]. Grooves in the pin reduce grain size and 
increase weld strength [50]. In square frustum pin profiles, improved hardness and uniform mixing at the weld region are 
attained  [49]. Reduction in shoulder diameter improves microstructural properties [43]. At high tool rotational speeds, the 
straight square pin profile enhances mechanical properties [44]. The proper selection of tool pin profile and shoulder diameter 
increases the bonding surface area and strength of weld [54]. Inclination of tool and pin diameter have significant effect on the 
welding forces especially in vertical and transverse direction [55]. 

Thomas et al. [51] demonstrated the tools with inclined and fluted ridge grooves type of pin offers good weld symmetry, 
but the parameters need to be further optimized to obtain defect-free weld joint. The tool geometry is illustrated in Figure 6, 
where ‘θ’ is the tilt angle of the tool with respect to horizontal axis X, ‘H’ is the height of the shoulder, ‘h’ is the height of the pin, 
‘D’ is the diameter of shoulder and ‘d’ is the diameter of the pin. The above mentioned tool pin profiles, such as threaded, square 
frustum, and fluted with ridge grooves, play a significant role in enhancing overall weld bead quality [52,56,57]. Schematic 
designs of some important FSW tool pin, typically used in FSW are depicted in the Figure 7. In addition to the tool material and 
design, the weld joint quality is also a function of FSW process parameters which is discussed below in the further sections 

Table 2. Influence of tool pin profile on the weld joint quality. 

Tool pin profile Effect on weld joint quality 

Straight Cylindrical Pin Cracks and tunnel defects are formed due to lack of vertical 
displacement of material [44-47]. 

Tapered Cylindrical Pin 
Insufficient flow of plasticized material due to low heat generation 
per unit weld length resulted in the formation of small pinholes 
and tunnel defect [45-47]. 

Threaded Cylindrical Pin 
Threaded pin profile generates sufficient heat input and enhances 
the downward movement of plasticized material produces defect 
free weld [45-48]. 

Square Pin 
Wider SZ formed due to large amount of material sweep from the 
SZ which resulted in turbulent flow of material and forms tunnel 
defect  [45-47]. 

Triangular Pin 
Abnormal stirring occurs due to insufficient heat input at the weld 
root resulted in the formation of cavity at the bottom of the weld 
joint [45-47]. 

Square Frustum Pin Uniform mixing at the weld region [49] 

Fluted Ridge Groove Pin Offers good weld symmetry and reduces the grain size which 
improves the strength of the weld joint [50-52] 

Fluted Pin Improper stirring and tool jamming occurs resulted in the 
formation of tunnel defect [53]. 

 
Figure 6. Tool geometry. 
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Figure 7. Types of tool pin profiles used in FSW. 

3. Significance of FSW Process Parameters on the Development of Weld Joint 
The FSW process parameters play a vital role in heat generation and the homogeneous mixing of materials [58]. Parameters 

such as tool rotational speed, transverse speed, normal force, and tool torque are properly set to attain defect-free joints [59]. The 
mechanical and microstructural properties, such as tensile strength, hardness, and the formation of weld flaws, are primarily 
attributed to these parameters [60,61]. Rotational speed is the rate of rotation of the FSW tool. According to Shojaeefard et al. [62], 
the overall contribution of FSW tool rotational speed in the dissimilar Al-Cu FSW system is 40%. The generation of defects, the flow 
of material, and tool wear are all affected by the tool rotational speed, making it a crucial process parameter in FSW. In the dissimilar 
FSW, Rotational speed also affects the amount of frictional heat generated, the plastic deformation of the material, and the forces 
on the tool. Intermetallic compounds (IMCs) formation in different Al-Cu FSW is likewise impacted by a change in a frictional heat 
generation. Heat input increases with increasing tool rotational speed, on the other hand, in dissimilar joining the separation of big 
particles in the SZ from the harder base material is caused by a stronger stirring action at a high rotational speed. These particles 
form a weak link with the Al matrix, which leads to flaws such cracks and voids [63-65]. Additionally, as rotational speed increases, 
the interfacial IMCs layer thickens due to increased heat input at the joint interface [63]. The severe rubbing action caused by the 
high rotational speed also shortens the tool life (for tool steel alloys) in the case of high strength alloys like brass and AA7XXX. 

On the other side, very low rotating speeds induce faulty joints due to less heat input [66]. Defects, particularly macrocracks 
and channel defects formed in dissimilar FSW, due to inappropriate material flow because the stir zone could not plasticize 
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properly [63,67,68]. Moswan et al. [69] in their experimental investigation varied the rotational speed of the tool and concluded 
that the rotational speed of the tool significantly affects the force generation. Furthermore, they also reported that with an 
increase in tool rotational speed, the longitudinal force increases and the downward force decreases without any significant 
effect on the transverse force. Singh et al. [70] reported that the FSW process parameters strongly influence the joints' flexural 
strength and tensile strength. The tool rotational speed contribution is 27.88% and 58.46% in tensile and flexural strength. 
Palanivel et al. [44] studied the effect of FSW tool rotational speed and found that defect-free joints at higher tool rotational 
speed were observed at weld zone. 

The pace at which a tool moves through a workpiece's joint line is known as the welding speed or travel speed. In dissimilar 
joining, to obtain high quality FSW joints, welding speed is also found very crucial [71,72]. It has a significant impact on the 
metallurgical bonding and mixing of materials in the SZ. Insufficient heat input, resulted from extremely fast welding speeds 
generates imperfect FSW joints [71]. Lower welding speed results in a greater heat input and formation of thick IMCs [71-73]. 
Turbulent flow of material in the SZ occurs at higher heat input which was the main cause of IMCs formation. These thick IMCs 
layer was the main cause of crack formation in the interface of dissimilar FSW joints. Improper mixing of dissimilar material in 
the SZ occurs at higher welding speed because it produces less heat input which resulted in the formation of void defect [71,72]. 
Differences in the flow stress of dissimilar materials are another cause of these problems. In order to handle the flow stress of 
different materials, the ideal welding speed is needed. Similar trends were observed when the welding speed was reduced while 
the rotational speed was kept constant [74]. It is well known that the ideal ratio of welding speed to rotational speed regulates 
the heat input, which in turn regulates the development of IMCs in dissimilar FSW [64,75]. According to Galvao et al. [64], the 
development of IMCs and the weld flaws of dissimilar FSW joints are both impacted by the ratio of rotational speed to welding 
speed. Rajakumar et al. [74] found that the improper selection of welding parameters leads to the formation of defects. 
Therefore, to enhance the weld joint quality, the FSW process parameters need to be appropriately optimized [76]. Optimization 
of the process parameters reduces defects' formation and enhances the weld joint's overall performance [77,78] depicted in 
Figure 8. The figure demonstrated that at very high tool rotational speed > 1600 rpm several weld defects such as zig-zag line 
and flash defects were formed in the weld zone [74,76]. Tool rotational speed of 1400 rpm produces defect-free joints. 
Therefore, at constant 1400 rpm when the welding speed was varied, the 60 and 80 mm/min welding speed produces defect-
free weld joints. In addition to this, at higher welding speeds > 100 mm/min forms tunnel defect due to insufficient heat input. 
Thus, optimization of FSW process parameters plays a crucial role to enhance the weld joint quality. Lombard et al. [79] in their 
experimental investigation demonstrated the importance of optimizing process parameters and found that the tool rotational 
speed is a key parameter to enhance strength and fatigue performance of the joint. The other benefits of optimizing process 
parameters include improved material penetration into each other [80], low defect population [81], reduced wear of the tool 
and minimum residual stress generation [82]. 

 
Figure 8. Effect of tool rotational speed and welding speed in the development of weld joint for AA7075-T6 [74]. 
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In order to minimize such welding defects or to attain defect-free joints, the optimized design of overall process parameters 
are demonstrated in the cause and effect diagram Figure 9. Tool plunge depth and tool tilting also affects the material flow and 
defect formation in the SZ. Surendra et al. found that by increasing plunge depth, the heat input also increases and large flash 
defects were formed [83]. 0.2 mm plunge depth and 2° tilt angle were the optimized parameter reported in several 
literatures [83-86]. Parameter optimization is essentially useful for the materials having less weld ability such as 2000, 7000 and 
5000 series of aluminum alloys [79,87]. Table 3 summarizes the types of defects obtained at various tool pin profiles and process 
parameters. 

Despite several measures taken to use optimized FSW parameters, several defects were still reported in the weld region, 
which causes degradation of the weld joint [88,89]. Defect such as cavities, tunnels, and voids are formed by insufficient heat 
input and abnormal stirring of the tool pin [90,91]. Excess heat input leads to the formation of wider weld zone and flash defect. 

In order to ensure proper heat input and enhance the weld joint quality, the FSW is assisted with various other welding 
techniques [92]. In dissimilar joining due to differences in melting temperatures, preheating of higher melting point material 
could improve the stirring effect of tool and also enhance the weld joint quality which was reported in a several studies [93-95]. 
Preheating is carried out by combining other welding technologies with FSW, such as plasma-assisted FSW [96], induction-
assisted FSW [93], laser-assisted FSW [97], arc-assisted FSW [98], which produces a partial annealing effect and improves the 
plastic flow of materials. However, for adequate preheating of base metal, proper estimation of the preheating time and 
temperature histories is needed [99,100] because the overheating of base metals (BMs) may cause surface deformation [101] 
and degradation of weld joint quality [102,103]. Additionally, FSW-assisted preheating techniques consume extra energy and 
are not considered energy efficient, so the application of preheating in the FSW process is limited. To make the FSW process 
energy efficient, and to enhance the surface texture and heating conditions, various supporting tool systems [104-106] are 
employed in the FSW process to mitigate the weld zone imperfections. Hence, new advanced tools discussed in further sections 
are assisted with FSW to reduce the weld joint's defects, improving the weld joint's overall quality. 

 
Figure 9. Cause and Effect Diagram (Fish Bone Diagram) for defect-less friction stir weld joints. 

Table 3. Defects obtained at various tool pin profiles and process parameters. 

Authors, Tool Pin 
Geometry 

Process 
Parameters 

Cross-sectional 
macrographs of weld zone Type of defect and its cause 

Pin geometry: Straight cylindrical -I 
Padmanaban and 
Balasubramanian  

[47] 
N: 1600 

 

Fig. I - A [47] 

PD: 6 
V: 40 

Crack defect formed due to Lack of vertical 
displacement of material. 

Z: 0.2 

PL: 5.7 
T: 00 
F: 3 
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Authors, Tool Pin 
Geometry 

Process 
Parameters 

Cross-sectional 
macrographs of weld zone Type of defect and its cause 

Elangovan and 
Balasubramanian  

[46] 

N: 1600 

 

Fig. I - B [46] 
V: 

PD: 6 
a) 22 

(a, b) Tunnel defects and pin holes are formed in the 
weld root towards the retreating side of the weld 
joint due to improper stirring of the tool pin. (c) 
Large tunnel defect was formed due to insufficient 
heat input. 

b) 45 
c) 75 

PL: 5.7 
Z: NA 
T: NA 
F: 12 

Elangovan and 
Balasubramanian 

[45] 

N: 

 

Fig. I - C [45] 
a) 1500 

PD: 6 
b) 1600 

(a, b) Tunnel defects are formed at the root of the 
weld joint due to insufficient heat input. (c) Pin 
holes due to improper flow of the plasticized 
material. 

c) 1700 
V: 45 

PL: 5.7 
Z: 0.2 
T: 00 
F: 12 

Pin geometry: Tapered cylindrical - II 
Padmanaban and 
Balasubramanian  

[47] 
N: 1600 

 

Fig. II - A [47] 

PD: 6 (root) V: 40 
A long crack formed due to the absence of vertical 
motion of the material. PL: 5.7 

Z: 0.2 
T: 00 
F: 3 

Elangovan and 
Balasubramanian  

[46] 

N: 1600 

 

Fig. II - B [46] 
V: 

PD: 6 
a) 22 

(a, b) Small pinholes are formed at the bottom of 
the weld joint because of insufficient flow of 
plasticized material. (c) Tunnel defect was formed 
due to low heat generation per unit weld length. 

b) 45 
c) 75 

PL: 5.7 
Z: NA 
T: NA 
F: 12 

Elangovan and 
Balasubramanian  

[45] 

N: 

 

Fig. II - C [45] 
a) 1500 

PD: 6 
b) 1600 

(a, c) Tunnel defect due to insufficient heat input. 
(b) Pin holes are formed since there is absence of 
vertical flow of material. 

c) 1700 
V: 45 

PL: 5.7 
Z: 0.2 
T: 00 
F: 12 

Pin geometry: Threaded cylindrical - III 
Padmanaban and 
Balasubramanian  

[47] 
N: 1600 

 

Fig. III - A [47] 

PD: 6 V: 40 
Defect-free joints are formed due to sufficient heat 
generation and proper mixing of materials. PL: 5.7 

Z: 0.2 
T: 00 

Table 3. Continued… 
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Authors, Tool Pin 
Geometry 

Process 
Parameters 

Cross-sectional 
macrographs of weld zone Type of defect and its cause 

F: 3 
Elangovan and 

Balasubramanian  
[46] 

N: 1600 

 

Fig. III - B [46] 
V: 

PD: 6 
a) 22 

(a) Crack-like defect formed due to excess heat 
input results in turbulent material flow. (b) Defect-
free joint due to sufficient heat input. (c) Tunnel 
defect formed at the middle of the stirred zone due 
to faster welding speed results in lower heat input. 

b) 45 
c) 75 

PL: 5.7 
Z: NA 
T: NA 
F: 12 

Elangovan and 
Balasubramanian  

[45] 

N: 

 

Fig. III - C [45] 
a) 1500 

PD: 6 
b) 1600 

(a, b) No defect because the threaded pin profile 
generates sufficient heat input and enhances the 
downward movement of plasticized material. (c) 
Pin holes are formed because of excess turbulent 
flow of materials takes place at higher tool 
rotational speed. 

c) 1700 
V: 45 

PL: 5.7 
Z: 0.2 
T: 00 
F: 12 

Pin geometry: Square - IV 
Padmanaban and 
Balasubramanian  

[47] 
N: 1600 

 

Fig. IV - A [47] 

PD: NA V: 40 
Tunnel defect formed due to large amount of 
material sweep from the SZ. PL: 5.7 

Z: 0.2 
T: 00 
F: 3 

Elangovan and 
Balasubramanian  

[46] 

N: 1600 

 

Fig. IV - B [46] 
V: 

PD: NA 
a) 22 

(a) Defect-free weld joint. A wider weld zone 
appeared due to excess heat input at a higher 
rotational speed. (b) Defect-free joint and adequate 
heat input. (c) Defect-free joint. A narrower weld 
zone appeared due to low heat input at lower tool 
rotational speed. 

b) 45 
c) 75 

PL: 5.7 
Z: NA 
T: NA 
F: 12 

Elangovan and 
Balasubramanian 

[45] 

N: 

 

Fig. IV - C [45] 
a) 1500 

PD: NA 
b) 1600 

(a) and (b) Defect-free joint. Adequate heat input 
and sufficient working of plasticized metal. (c) 
Defect-free joint. A wider weld zone appeared due 
to excess working of plasticized metal at higher tool 
rotational speed. 

c) 1700 
V: 45 

PL: 5.7 
Z: 0.2 
T: 00 
F: 12 

Pin geometry: Traingular - V 
Padmanaban and 
Balasubramanian  

[47] 
N: 1600 

 

Fig. V - A [47] 

PD: NA V: 40 A cavity at the weld root appeared due to 
insufficient heat input. PL: 5.7 Z: 0.2 

Table 3. Continued… 
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Authors, Tool Pin 
Geometry 

Process 
Parameters 

Cross-sectional 
macrographs of weld zone Type of defect and its cause 

T: 00 
F: 3 

Elangovan and 
Balasubramanian 

[46] 

N: 1600 

 

Fig. V - B [46] 
V: 

PD: NA 
a) 22 (a) Formation of tunnel defect due to excess 

turbulence of the plasticized metal at higher tool 
rotational speed. (b) Defect-free joint. Adequate 
heat input and sufficient working of plasticized 
metal. (c) Abnormal stirring of the tool pin causes a 
bigger tunnel defect at the weld root towards the 
retreating side. 

b) 45 
c) 75 

PL: 5.7 
Z: NA 
T: NA 
F: 12 

Elangovan and 
Balasubramanian

[45] 

N: 

 

Fig. V - C [45] 
a) 1500 

PD: NA 
b) 1600 

(a) Pin holes are formed towards the retreating side 
due to insufficient heat input. (b) Defect-free joint. 
Adequate heat input and sufficient working of 
plasticized metal. (c) Defect-free joint. Adequate 
heat input and sufficient working of plasticized 
metal. 

c) 1700 
V: 45 

PL: 5.7 
Z: 0.2 
T: 00 
F: 12 

 PD = Pin diameter in mm, PL = Pin length in mm, N = Tool rotational speed in rpm, V = Welding speed, Z = Plunge depth in mm, T = Tilt angle in degree, F = Force in KN. 

4. FSW Assisted Advanced tool Systems 
This section highlights various supporting tool systems assisted with conventional FSW to improve joint properties. Some 

relevant supporting tool systems and their effect on weld quality are discussed in detail, such as non-rotational shoulder assisted 
FSW, counter rotating twin tool, reverse dual rotation tool, self-reacting and in-situ rolling FSW. 

4.1. Non-rotational shoulder assisted friction stir welding (NRSA-FSW) 
In late 2004 and early 2005, TWI proposed NRSA-FSW, another new variant of FSW, for welding high temperature and low 

thermal conductivity alloys, such as Ti-alloys [107,108]. In NRSA-FSW, a rotating tool is made up of a probe (with a tiny or no 
shoulder) that slides across the joint line during the welding process. This process is employed in order to avoid or reduce the 
heat produced by the shoulder depicted in Figure 10 [109]. Consequently, heat generation through the weld thickness is reduced 
and more concentrated in the SZ. The inherent properties of NRSA-FSW provide the following benefits. 

1. The flash defects produced in traditional FSW were wiped out by and eliminated by the NRSA-FSW; 

2. As compared to traditional FSW, smaller thermomechanically affected and heat affected zones (TMAZ and HAZ) were formed; 

3. Root imperfections brought on by insufficient heat input were eliminated; 

4. The flash defects produced in traditional FSW were wiped out by and eliminated by the NRSA-FSW; 

5. Equiaxed microstructure is produced as a result of violent material flow in the weld zone; 

6. The use of NRSA-FSW acts as a seal barrier which prevents plasticized material from escaping the weld site, improving material 
flow without affecting the effective joint thickness; 

7. A symmetrical microstructure is produced at the weld center line due to lower welding temperature which was consistent 
throughout the thickness of weld joint. 

Over the time, due to several benefits of NRSA-FSW, it has become more prominent among researchers [110-112]. 
Additionally, NRSA-FSW, which was earlier used to weld high strength Ti-alloys, is now used for a variety of other alloys [113-115]. 
Due to its unique qualities, the several researchers believe that SSFSW is now considered as the most significant joining techniques 
for high strength lightweight alloys. 

Table 3. Continued… 



Recent Developments in Friction Stir Welding Tools for Weld Bead Defects 
Minimization – A Review 

Lader et al. 

 

Soldagem & Inspeção. 2023;28:e2806 12/41 

 

Figure 10. SSFSW process schematic in 2D section view and 3D. 

Ji et al. [116], proposed a model of material flow in traditional FSW and NRSA-FSW for a lap joining of AA2024-T6 at 
1000 rpm and 50 mm/min are shown in Figure 11. From the figure it was found that the cold lap and hook defect generated 
in traditional FSW was eliminated in NRSA-FSW. Since, in NRSA-FSW’s the symmetrical and violent material flow occurs in the 
SZ leads to the elimination of hook and cold lap, which is the most common defects formed in FSW of lap joint [116]. 
Chen et al. [114], Huang et al. [117] and Xu et al. [118] showed similar types of material flow in the lap joining of AA2024, 
AA7075 utilising NRSA-FSW. 

 

Figure 11. Material flow pattern in the lap welding of AA2024-T6 alloy using traditional FSW (a) and (c), and NRSA-FSW (b) and (d) [116]. 

The performance of dissimilar joints is considerably enhanced by symmetrical SZ and weaker material on the AS. 
Figure 12 [119] shows that the SZ of NRSA-FSW joints is reasonably symmetrical with minimum changes in BM property 
due to probe-dominant heat generation and material mixing. NRSA-FSW for AA2024 (2mm thick) and AA7050 (2mm thick) 
dissimilar joints produced joint efficiency of about 94% of AA2024-T3 at 1200 rpm and 180 mm/min. Wu et al. [120] 
showed that the weld thinning and pin adhesion were found negligible in similar AZ31B joints obtained in NRSA-FSW. 
NRSA-FSW joints showed maximum strength of 137 MPa, or 54% of AZ31B, which is 130% greater than the joint strength 
of FSW [120]. The remarkable effects of NRSA-FSW are mentioned in the Table 4. Moreover, the potential benefits of 
NRSA-FSW include improvement in joint efficiency due to violent material flow in the SZ as well as eliminate flash, hook 
and cold lap defects etc. Further, many more alternative tool types could be invented to investigate their motions and 
effects on weld joint fatigue properties. 
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Figure 12. AA2024–AA7050 weld cross-section: FSW at 600 rpm and different welding speeds (a) 180mm/min, (b) 300mm/min, (c) 

480mm/min, and (d) NRSA-FSW at 1200 rpm and 180mm/min [119]. 

Table 4. Remarkable effects of NRSA-FSW. 

Authors NRSA-FSW tool geometry 

FSW process parameters Remarkable effects of NRSA-FSW 
Alloy, Tool Material a) NRS-OD/ID 

 
b) RTS-SD/PTD/PBD/PL 

 
c) PP 

Li et al. [121] 
   

AA2219-T6 a) 14/10 NP: 600-800 1. Improve tensile strength, due to the 
violent material flow in the SZ and 

broadens process parameter range. 
H: 5 b) 9.8/NA/NA/4.8 V: 100 

 

TM: NA c) PP: Conical threaded pin Z: 0.2 
 

  
T: NA 

 
  

F: NA 
 

Avettand-Fènoël and Taillard [112] 
  

1. Grain refinement occurs in post-
aged heat treated samples as 

compared to pre-aged base metals. 
AA2050-T3 a) 21.5/NA NP: 400 2. Joint efficiency shows no effect of 

aging sequence 
H: 15 b) NA/10/NA/10 V: 100 

 

TM: NA c) PP: Truncated with thread having 
flute 

Z: NA 
 

  
T: NA 

 
  

F: NA 
 

You et al. [110] 
   

AA2219-T6 a) 14/8 NP: 2000-2600 1. Welding torque significantly 
reduces by increasing welding 

speed, which is highly suited for 
robotic manufacturing. 

H: 4 b) 8/5/4/3.9 V: 100 2.Enhanced mixing of materials 
occurs in the SZ by increasing tool 

rotational speeds 
TM: NA c) PP: Conical threaded pin Z: NA 

 
  

T: NA 
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Authors NRSA-FSW tool geometry 

FSW process parameters Remarkable effects of NRSA-FSW 
Alloy, Tool Material a) NRS-OD/ID 

 
b) RTS-SD/PTD/PBD/PL 

 
c) PP   

F: NA 
 

Ji et al. [111] 
   

AA6005-T6 a) 12/6.3 NP: 2000 1. Obtained defect-less joints with 
smooth weld surface. 

H: 4 b) 6/5/NA/3 V: 100-600 
 

TM: NA c) PP: Tapered threaded pin Z: NA 
 

  
T: NA 

 
  

F: NA 
 

Li et al. [113] 
   

AA6061-T6 a) 16/NA NP: 750-1500 1. No visible TMAZ and narrower HAZ. 
H: 5 b) NA/8/5/4.9 V: 100-300 

 

TM: NA c) PP: Conical threaded pin Z: NA 
 

  
T: NA 

 
  

F: NA 
 

Li et al. [122] 
   

AA2024-T4 a) 17/10.5 NP: 800-1200 1. High rotational speed is required for 
the adequate vertical displacement of 

the material in the SZ. 
H: 3 b) 10/5/3.5/5 V: 50 

 

TM: NA c) PP: Tapered threaded pin Z: 0.2 
 

  
T: NA 

 
  

F: NA 
 

Yue et al. [115] 
   

AA2024-T4 a) 17,21/10.5 NP: 1000 1. High welding speed leads to void 
formation on the advancing side. 

H: 3 b) 10/5/3.5/5 V: 50-200 2. Increase in the diameter of 
stationary shoulder increases 
effective sheet thickness and 

effective lap width. 
TM: NA c) PP: Tapered threaded pin Z: 0.2 

 
  

T: NA 
 

  
F: NA 

 

Buffa et al. [123] 
   

AA6082-T6 a) 9/NA NP: 2500 1. Obtained high quality surface 
with no flash defects. 

H: 2 b) NA/3/NA/3 V: 480 2. Temperature distribution was 
found consistent due to stationary 

shoulder. 
TM: NA c) PP: Conical threaded pin Z: NA 

 
  

T: NA 
 

  
F: NA 

 

Chen et al. [114] a) 11/NA NP: 1200 1. As compared to traditional FSW, 
hook defect was eliminated in the 

joints produced by stationary 
shoulder. 

AA7075-T651 b) NA/5/4/2.75 V: 200 2. Low heat input prevents the 
coarsening of strengthening 

precipitates and fracture took place 
from the zone of kissing bond defect. 

H: 5-3 c) PP: NA Z: 0.25 
 

TM: NA 
 

T: NA 
 

  
F: NA 

 

AA: aluminum alloy; NA: Not Available; H: Height of plate in mm; TM: Tool material; NRS: Non-rotational shoulder, OD/ID: Outer and inner diameter in mm; RTS: 
Rotating shoulder, SD: Shoulder diameter; PTD: Pin top diameter in mm; PBD: Pin bottom diameter in mm; PL: Pin length in mm; PP: Pin profile; NP: Rotational speed of 
pin in rpm V: Welding speed in mm/min; T: Tool tilt angle in degree; F: Axial force in KN; Z: Plunge depth of NRSA-FSW in mm; 

Table 4. Continued… 
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4.2. Counter-rotating twin tool friction stir welding (CRTT-FSW) 
In a continuous endeavor to improve FSW joint quality, several tools with different materials and technologies are tried by 

modification in the existing conventional FSW. Advanced auto-adjustable tool pins are designed to reduce defects such as 
keyholes or craters in the weld joint [124]. In addition, to enhance the weld joint properties, a twin tool set-up for friction stir 
welding was fabricated and built by kumari et al. [125], as illustrated in Figure 13a. Twin-tools are made up of two tools, one 
primary and one secondary, that rotate in opposite directions. During the welding process, the primary tool was mounted on 
the main spindle shaft and rotated at the same rotational speed and in the same direction as the spindle. The secondary tool 
was linked to the primary tool via a gear arrangement (see Figure 13b). 

 
Figure 13. Counter-rotating twin tool set-up (a) schematic diagram (b) [125]. 

Techniques such as counter-rotating twin tool (CRTT) helps to produce higher frictional heat, which causes severe plastic 
deformation resulting in a defect-free weld [125]. However, due to higher frictional heat excessive flashes are formed. In addition, 
the violent stirring effect was achieved by this tool which significantly reduces the inadequate heat input defects such as tunnel 
defect. Jain et al. [126], reported that as compared to traditional FSW, the flow of material was enhanced during CRTT-FSW. The 
material from the AS was deposited closer to its initial location for CRTT leading to lower chances of defects in the former [125,126]. 
The interactive effect of tool rotational and tangential speeds also plays a significant role in attaining defect-free weld joints. But 
due to the difference in the shoulder and pin tangential speeds, overheating across the edge of the shoulder takes place, and flashes 
are formed, which deteriorates the mechanical properties of the weld joint [127,128]. Insufficient or inadequate heating leads to 
cavity and groove defects [129]. The cross-sectional macrograph for insufficient and excessive heat input is shown in Table 5. 
Overheating leads to the formation of flashes [129,130] which is depicted in figure provided in the Table 5. The CRTT processed 
specimen’s shows enhanced material flow in the SZ which reduces the improper stirring defects as compared to as weld specimens. 
The remarkable effects of CRTT-FSW are summarized below in Table 6. Still CRTT-FSW is in its initial stage and further researches 
should be required in this direction to reveal the its significance for other FSW defects originated from inadequate heat input. 

Table 5. Insufficient and overheating defects. 

Heat input Type of 
defect Material and Process parameter Cross-sectional macrograph of the weld [129]. 

Insufficient heat 
input Cavity defect 

1) Material: ADC12 

 

2) N: 1500 
3) V: 500 
4) F: 6.9 

Insufficient heat 
input 

Groove-
defect 

1) Material: ADC12 
2) N: 1500 
3) V: 750 
4) F: 6.9 

Overheating/ 
Excessive heat 

input 

Rough 
surface or 

Flash defect 

1) Material: ADC12 
2) N: 1500 
3) V: 250 

4) F: 14.2 

ADC12: Aluminum die casting alloy, N: Tool rotational speed in (rpm), V: Welding speed in (mm/min), F: Force in (KN). 
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Table 6. Remarkable effects of CRTT-FSW. 

Authors CRTT-FSW tool geometry 
FSW process parameters Remarkable effects of NRSA-FSW 

Alloy, Tool Material a) PiT/SeD 

Kumari et al. [125] SD(PiT/SeD): 16/16 NP: 900-1800 
1. Enhances the stirring effect of 
the tool and reduces the tunnel 

defect to minimum. 

AA1100 PL(PiT/SeD):: 2/2 V: 16-63 
2. Except flashes the defect-free 

joints are observed in higher 
welding and rotational speeds. 

H: 2.5 PD: 5 Z: NA  

TM: SS316 steel PP: cylindrical pin/cylindrical pin T: NA  
  F: NA  

Jain et al. [126] SD(PiT/SeD): 16/16 NP: 900-1800 1. Enhances the flow of material 
from AS to RS in the SZ. 

AA1100 PL(PiT/SeD): 2.6/2.6 V: 16-63 
2. Significantly reduces the chances 

of defects in the former due to 
enhanced stirring effect of CRTT. 

H: 3 PD: 5 Z: 0.1  

TM: H13 steel PP: cylindrical pin/cylindrical pin T: 0°  
  F: NA  

AA: aluminum alloy; NA: Not Available; H: Height of plate in mm; TM: Tool material; PiT: Primary tool; SeD: Secondary tool; SD: Shoulder diameter in mm; PD: Pin 
diameter in mm; Pcs: Cross section of pin in mm; PL: Pin length in mm; PP: Pin profile; NS: Rotational speed of shoulder in rpm; NP: Rotational speed of pin in rpm V: 
Welding speed in mm/min; T: Tool tilt angle in degree; F: Axial force in KN; Z: Plunge depth of reversely rotating assisted shoulder in mm. 

4.3. Reverse dual rotational friction stir welding (RDR-FSW) 

Reverse dual-rotation friction stir welding (RDR-FSW) is a novel FSW process in which the tool pin and the surrounding 
assisted shoulder rotate in the opposite direction, which has the potential to improve weld quality and reduce welding loads by 
independently adjusting the rotating speeds of the tool pin and the assisted shoulder. Hence, the tool shoulder and pin are 
designed to rotate independently, either in the same or reverse direction to minimize the overheating effect and enhance the 
tool's stirring action. Figure 14 shows the tool system for the RDR-FSW where the tool and shoulder rotate independently with 
each other either at different or same rotational speeds with the help of two servo motors. The clamping requirement and the 
tool torque is reduced due to reverse dual rotation of shoulders (one assisted shoulder) or shoulder and pin which ultimately 
reduces the mass and size of FSW equipment. The RDR-FSW is beneficial for welding high-strength aluminum alloys because a 
large amount of plastic deformation occurs at high temperatures due to the intense stirring of tool [131]. Figures 15 and 16 
shows the weld surface of CRTT and RDR-FSW. from the figures, it is evident that flash-free weld was obtained by the reverse 
dual rotational friction stir welding RDR-FSW [132,133]. 

 

Figure 14. RDR-FSW (a) Schematic view and (b) Tool set-up image [131]. 
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Figure 15. Weld joint obtained from counter-rotating twin tool [125]. 

 
Figure 16. Weld joint obtained from RDR-FSW [132]. 

Figure 17a and Figure 17b show the weld obtained from the RDR-FSW and conventional FSW process [132]. Figure 17b 
highlights the undesirable reduction in weld thickness due to severe forging action during welding, where an extra amount of 
plasticized material is extruded from the retreating side resulting in flash and cavity defects [132,134]. However, in the case of 
RDR-FSW the reverse rotation of assisted shoulder prevents material from escaping, eliminating thickness reduction and 
formation of such defects [134]. 

 
Figure 17. (a) AA2219-T6 weld macrograph of RDR-FSW (b) Macrograph of conventional FSW at 1800 rpm tool rotation and 200 mm/min 

welding speed.(AS: advancing side, RS: retreating side, BM: base metal, HAZ: heat affected zone, TMAZ: thermomechanically affected zone, 
SAZ: shoulder affected zone, WNZ: weld nugget zone) [132]. 

Figures 18 and 19 displays the grain structures of RDR-FSW [135] and macroscopic appearances of non-rotational shoulder assisted 
(NRSA-FSW) [136]. Defect-less welds are obtained in both the welding process. Authors performed welding in a wide range of tool shoulder 
and pin speeds. NRSA-FSW improves the mechanical properties at a tool shoulder (NS), and pin (NP) rotational speed of 800rpm and 
welding speed of 150-250mm/min. In most of the cases the conical threaded pin profile displays fine grains and improves material flow. 
However, due to reverse rotation and slower rotational rate of tool shoulder the degree of heat input decreases, which lead to the 
formation of small cavity defects which can be further eliminated by optimizing the process parameters [134,137]. However, the research 
regarding this context is very limited, only few authors studied and explained about reduction in total net tool torque [106,138], 
intermetallic compounds (IMCs) formations at weld nugget during dissimilar joining [139]. Some numerical analysis presented the 
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significance of material flow and heat transfer [140,141]. Additionally, investigations in this direction is needed to enhance mechanical 
mixing, bonding, and selection of FSW process parameters. 

 
Figure 18. Grain structures of AA2219-T6 weld nugget zone for conventional FSW and RDR-FSW at FSW at 800 rpm tool rotation, 200 

mm/min welding speed (for both tool pin and assisted shoulder) and 0.2 mm plunge depth [135]. 

 
Figure 19. AA2219-T6 weld cross section of non-rotational shoulder assisted NRSA-FSW at constant 100 mm/min welding speed and 

different tool rotational speeds (a) 600 rpm, (b) 700 rpm, (c) 800 rpm, (d) 900 rpm, (e) 1000 rpm (abbreviations are mentioned in caption of 
Figure 17) [136]. 

Li and Liu [131] designed tool for the RDR-FSW and due to reverse rotation of the tool and shoulder, overheating across 
the shoulder edge reduces and enhances the tool's stirring effect, resulting in defect-free weld. Figure 20 shows the optical 
macrograph of the stirred zone without any internal defect, welded by RDR tool [131]. Additionally, improvement in tensile 
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strength is observed compared to without dual rotational FSW. The hardness value decreases towards the weld center, and 
failure occurs at this region due to larger grain size produced at elevated temperature during intense stirring action of the tool. 

 
Figure 20. AA2219-T6 weld cross-section of RDR-FSW at 100 mm/min welding speed and 800 rpm rotational speed for both tool pin and 

reversely rotating shoulder (abbreviations are mentioned in caption of Figure 17) [131]. 

Li and Liu [135] found that as compared to conventional FSW, the heat input in RDR-FSW considerably reduced during the 
welding process. The softening of different FSW zones is attributed to the dissolution of strengthening precipitates and 
coarsening of grains induced by the thermal cycle during the FSW process [142]. The lower heat input in RDR-FSW significantly 
reduced the weld thermal cycle time, which shows fine and dense precipitates in the HAZ and TMAZ [143] than conventional 
FSW depicted in Figure 21 and Figure 22. Moreover, at the stirring zone, the formation of equiaxed grains structure and reduction 
in grain size were observed at the weld nugget zone (WNZ) in RDR-FSW. Li and Liu [138] developed a mathematical model to 
optimize the process parameters of RDR-FSW. The tensile test results of the weldment reveal that by increasing the tool pin 
rotational speed and at the same time by decreasing the speed of assisted shoulder (rotating in the reverse direction) the tensile 
strength of the joint increases by 5.2% as compared to conventional FSW. Mehdi et al. [144] reviewed several mathematical 
modeling regarding flow patterns of different sections along thickness and reported that the Reverse dual-rotation in FSW shows 
different flow patterns at different horizontal sections of the plate and also improves the weld joint quality by lowering the tool 
torque. The remarkable effects of reverse dual rotational FSW are summarized below in Table 7. Reverse dual rotational FSW is 
considered one of the novel variants of FSW-supporting tool systems [135,146]. By independently adjusting the rotational speed 
of the pin and assisted shoulder, we can modify the velocity gradient between the shoulder and probe center. Such adjustments 
lower the welding loads and reduce the tendency towards overheating near the shoulder side [106]. Several studies confirmed 
that by lowering shoulder rotational speed, the thermal softening effect at heat affected zone reduces, and the weld joint 
strength improves [144,147]. Moreover, the potential benefits of reverse dual rotational FSW include improvement in joint 
efficiency, cost reduction, etc. Further, many more alternative tool types could be invented to investigate their motions and 
effects on weld joint fatigue properties. 

 
Figure 21. Transmission electron microscopy (TEM) images of HAZ (a) Precipitates of conventional FSW, (b) Precipitates of RDR-FSW [135]. 
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Figure 22. TEM images of precipitates at TMAZ (a) FSW joint (b) RDR-FSW joint [135]. 

Table 7. Remarkable effects of RDR-FSW. 

Authors 
RDR tool geometry FSW process parameters Remarkable effects of RDR-FSW 

Alloy, Tool Material 

Li and Liu [131] Assisted SD: 14 NS: 800 
1. Improve tensile strength, and defect-
free weld joints are produced due to the 
extreme stirring action of tool. 

AA2219-T6 Mean PD: 4.52 NP: 800 
2. Grain structure becomes more refined 
and distributed uniformly in the weld 
nugget. 

H: 5 PL: 4.8 V: 150  

TM: NA PP: Conical threaded pin Z: 0.2  
  T: 2.5º  
  F: NA  

Li and Liu [135] Assisted SD: 14 NS: 800 
1. Higher grain refinement was observed 
at weld nugget, but the grains' size 
increases towards the heat-affected zone. 

AA2219-T6 Mean PD: 4.52 NP: 800 2. Precipitates are finer in TMAZ and HAZ 
compared to conventional FSW. 

H: 5 PL: 4.8 V: 200 
3. Decrease in the plastic flow of material 
because the flow is constrained below the 
reversely rotating tool. 

TM: NA PP: Conical threaded pin Z: 0.2  
  T: 2.5º  
  F: NA  

Li and Liu [138] Assisted SD: 14 NS: 200-800 
1. Optimized process parameters of 
welding show better tensile strength than 
conventional FSW. 

AA2219-T6 Mean PD: 4.52 NP: 200-800 
2. Reduction of total welding torque was 
found due to reverse rotation of shoulder 
and pin. 

H: 5 PL: 4.8 V: 150-250  

TM: NA PP: Conical threaded pin Z: 0.2  
  T: 2.5º  
  F: NA  

Jamshidi Aval and 
Loureiro [139] Assisted SD: 14 NS: 600 

1. The slower rotational speed of assisted 
shoulder reduces the amount of 
intermetallic compounds formed at the 
weld interface of lap joints. 
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Authors 
RDR tool geometry FSW process parameters Remarkable effects of RDR-FSW 

Alloy, Tool Material 

AA7075-T6, AISI304 
Stainless steel PD: 5 NP: 1000 

2. Higher grain refinement is achieved in 
the nugget zone due to the slower 
rotational speed of assisted shoulder. 

H: 2,1 PL: 2.1 V: 120  

TM: NA PP: Cylindrical pin Z: 0.2  
  T: 2.5º  
  F: NA  

Zhou et al. [145] Assisted SD: 14 NS: 400-1200 
1. By increasing shoulder rotational 
speed, defect-free joints and enlarged 
weld zone were attained. 

AA6061-T6 PD: 3.45-6.2 NP: 1200 
2. Higher tensile strength and 
microhardness value was found 
compared to conventional FSW. 

H: 5 (from pin tip to root) V: 200  

TM: NA PL: 4.8 Z: 0.1  
 PP: Conical threaded pin T: 3º  
  F: NA  

Liu et al. [132] Assisted SD: 14 NS: 1000  

AA2219-T6 Mean PD: 4.52 NP: 800 

1. The reverse rotation of the tool 
shoulder and pin reduces the 
microstructural asymmetry of the weld 
nugget. 

H: 5 PL: 4.8 V: 250 
2. Increase in welding efficiency was 
found due to slower and higher rotational 
rate of shoulder and pin. 

TM: NA PP: Conical threaded pin Z: 0.2  
  T: 2.5º  
  F: NA  

Shi et al. [106] Assisted SD: 14 NS: 600-800  

AA2024 PD: 4-6 NP: 800-1200 

1. In this numerical analysis non-
axisymmetric heat generation rate was 
found at the shoulder-work piece contact, 
the peak value of heat generation rate 
was found maximum in front of the tool. 

H: 5 (from pin tip to root) V: 60-80 
2. Decrease in the total net torque value 
was found due to the reverse rotation of 
the pin and shoulder. 

TM: NA PL: 4.8 Z: NA  
 PP: Conical threaded pin T: NA  
  F: NA  

AA: aluminum alloy; NA: Not Available; H: Height of plate in mm; TM: Tool material; SD: Shoulder diameter in mm; PD: Pin diameter in mm; Pcs: Cross section of pin in 
mm; PL: Pin length in mm; PP: Pin profile; NS: Rotational speed of shoulder in rpm; NP: Rotational speed of pin in rpm V: Welding speed in mm/min; T: Tool tilt angle in 
degree; F: Axial force in KN; Z: Plunge depth of reversely rotating assisted shoulder in mm. 

4.4. Self-Reacting/Support Friction Stir Welding (SRFSW) 

FSW has a wide range of applications in industrial and engineering fields [148], mainly used for welding ductile materials 
such as aluminum and magnesium alloys [149-151]. However, the application of this technique is limited for very hard and thick 
materials because a substantial amount of plunge force is required during tool pin insertion and shoulder contact, which 
deteriorates its axial rigidity [152,153]. To overcome the instability of the tool during welding thick plates, a new tool known as 
self-reacting/double sided/bobbin tool (SR-FSW) has been developed. SR-FSW minimizes the need of backing plate and this unit 
is capable to adjust the processing load itself [104,154,155]. 

The defect, such as lack of penetration (LOP) and root flaws in the lower surface of conventional FSW joint, initiate the 
formation of kissing bonds as shown in Figure 23a, b and c. This in turn reduces the fatigue life, strength and other properties of 

Table 7. Continued… 
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weld joint [158,159]. To eliminate these defects, the SR-FSW technique is employed [160]. However, it was observed that this 
bond and root overlap is formed and shifted to the middle layer of the nugget zone towards the pin end during SR-FSW [161,162]. 
Also, due to the asymmetrical arrangement of the tool, the upper and lower tool pin mismatch occurs at the stir zone leading to 
the formation of the tunnel, S-line, and flash defect [157,163,164] depicted in the Figure 23d. The formation of such bonds could 
be eliminated using bobbin tool by further optimizing the FSW process parameters [165,166]. 

 
Figure 23. AA7475-T7351 weld cross-section showing defects formation in conventional FSW(a, b) Lack of penetration at 300 rpm rotational 

speed (N) and 150 mm/min welding speed (V) [156] (c) Kissing bond at N of 500 rpm and V of 400 mm/min [156] (d) AA7085-T7452 weld 
cross-section showing tunnel, S-line and flash defect formation in Double Sided FSW at N of 950 rpm and V of 60 mm/min [157]. 

The bobbin tool friction stir welding technique, also known as self-reacting/support friction stir welding (SRFSW) technique 
in which purposely designed tool composed of the upper shoulder, lower shoulder and a pin in between both the shoulders is 
used for friction stir welding process. The upper and lower shoulder gap called pinching gap is maintained by turning the lower 
shoulder which is fixed on the nut [167] as shown in the Figure 24. However to enhance the stirring effect, several other kinds 
of pin designs like cylindrical threaded pin, cylindrical pin with grooves, cylindrical 4 flats pin (square pin) can also be preferred 
in SRFSW [168]. 

 
Figure 24. SRFSW tool [167]. 

Sued et al. [168] designed threaded, grooved and flat types of tool pin profiles and found that the cylindrical 4 flat (square) 
pins profile as shown in Figure 25 produced sound weld joint. Additionally, the essential compression effect can be achieved 
during welding since the distance between shoulders can be adjusted according to the thickness of the plate to be welded. At 
the same time the arrangements like support and clamp act as a heat-sink that dispels heat. Huang et al. [169] designed a novel 
bobbin tool with adjustable dip having concave upper and convex lower shoulders that produces uniform weld ripples and 
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eliminates the root flaws formed in conventional FSW. Hou et al. [170] investigated the effect of shoulder size on weld joint 
properties, and it was found that the small shoulder size compared to upper shoulder produces groove defect with excessive 
flashes along the weld line and, this defect reduces with increasing lower shoulder diameter. 

 

Figure 25. Cylindrical 4 Flat (square) pin profile [168]. 

Okamoto et al. [171] demonstrated the effect of the shoulder pinching gap at the center and periphery of the self-designed 
threaded pin with three flats having a convex scroll type of shoulder configuration, as shown in Figure 26. In this study, it was 
found that small gaps produce defect-free weld joints. In addition, the natural oxide layer present at the pre-weld surface and 
lower surface kissing bonds along joint was completely eliminated after welding due to scrolled shoulder configuration of bobbin 
tool FSW. 

 

Figure 26. Schematic diagram of bobbin tool having the convex scrolled feature. 

Zhang et al. [165] demonstrated the importance of tool pin profile to achieve proper and smooth stirring effect in SRFSW 
process. In this study, the author used a flat type of pin profile with a concave scrolled feature in the welding process, as shown 
in Figure 27. It was reported that the improper stirring effect in the middle layer of the weld nugget at lower welding speed 
forms the ellipse-shaped region, and triangular shaped region towards AS as depicted in the Figure 28. However, by increasing 
the welding speed ellipse-shaped region starts mixing in the stirred zone as well as triangular shaped region decreases but voids 
are formed due to improper stirring effect of tool which can be further optimize by using different type of tool pin profile. 
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Figure 27. Geometry of the bobbin tool having concave scrolled feature [165]. 

 

Figure 28. Macrographs of AA2A14-T6 showing formation of ellipse and triangular shaped region in the middle layer of NZ at constant 400 
rpm tool rotation and at different welding speeds (V): (a) V=50 mm/min, (b) V=100 mm/min, (c) V=150 mm/min [165]. 

Wan et al. [172] reported that the welding speed plays vital role in altering mechanical and microstructural properties of 
joints prepared by SRFSW process. Hourglass-shaped WNZ are formed because the material flow of the upper and lower layers 
experience higher frictional heat, which softens the material around the pin, upper and lower shoulders depicted in Figure 29. 
Furthermore, the test result shows that the joint properties such as microhardness value, tensile strength are enhanced and the 
defects such as tunnel, band defects are eliminated by increasing the welding speed as shown in Figure 30. 

 

Figure 29. Schematic representation of material flow around SRFSW tool [172]. 
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Figure 30. AA6082-T6 macrographs of transverse cross-sections welded by Self-reacting tool at constant tool rotation of 800 rpm and 

welding speeds of (a)10 , (b) 50, (c) 100 and (d) 200mm/min (AS: advancing side, RS: retreating side, BM: base metal, HAZ: heat affected 
zone, TMAZ: thermomechanically affected zone) [172]. 

Wang et al. [173] improved the weld formability by using novel bobbin tool having different upper and lower shoulder 
speed. In this study authors reported that the dual rotation bobbin tool FSW (DBT-FSW) showed excellent process stability and 
capable of producing defect free joints at wide range of welding speeds. Moreover, improvement in material flow was observed 
due to dual rotation depicted in Figure 31, which eliminates the cavity defects formed in conventional bobbin tool FSW (BT-
FSW). The remarkable effects of bobbin tool FSW is summarized below in Table 8. The bobbin or self-reacting tool is another 
important FSW supporting tool system that is generally used to eliminate root defects, partial penetration or lack of penetration 
formed in conventional FSW [179,180]. This technique's operating temperature is higher than the conventional FSW process 
due to the absence of backing plate, which dispels heat during the welding process. The elevated operating temperatures can 
be controlled by reducing the lower shoulder diameters resulting in lower frictional resistance, hence less bending moment and 
torque on tool [181]. To attain maximum possible benefit of higher operating temperature the tool design and welding 
parameters need to be adjusted properly [104,148]. The convex scrolled feature on shoulder of bobbin tool enhances the 
material flow [173], towards tool pin and eliminates the requirement of tool tilting [165]. 

 
Figure 31. Optical macrographs of AA2198-T851 for a) Conventional bobbin tool FSW (BT-FSW) and b) Dual rotation bobbin tool FSW (DBT-

FSW). c) Typical void formation in BT-FSW. d) Advancing side of BT-FSW and e) DBT-FSW where USDZ is upper shoulder dominated zone and 
LSDZ is lower shoulder dominated zone (AS: advancing side, RS: retreating side, TMAZ: thermomechanically affected zone) [173]. 
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Table 8. Remarkable effects of SRFSW. 

Authors 
SRFSW tool geometry FSW process 

 parameters Remarkable effects of SRFSW 
Alloy, Tool Material 

Liu et al. [167] USD: 18 N: 600 1. By increasing welding speed, defects such as band pattern reduce 
and improve weld joint tensile strength. 

AA6061-T6 LSD: 16 V: 50-200 2. The tensile strength of defect-free weld joint with increase in welding 
speed reaches equivalent to 69% of base metal. 

H: 4 PD: 8 Z: 0.1  

TM: NA PL: NA T: NA  
 PP: Cylindrical pin F: NA  

Sued et al. [168] USD (scrolled): 8 N: 700 1. The effect of different pin profiles were studied and sound weld 
was found in case of 4 sided flat square pin. 

AA6061-T6 LSD (scrolled): 8 V: 80 
2. Essential compression effect during welding was produced by 
using this tool which increases hardness with decrease in tensile 
strength of weld joint towards clamp side. 

H: 4 PD: NA Z: 0.1  

TM: NA PL: NA T: NA  

 
PP: Cylindrical threaded, 

threaded with 3flat, threaded 
with 4 flat, 4 sided flat square pin 

F: NA  

    

Wan et al. [174] USD: 14 N: 800 1. Grain refinement takes place in upper and lower layer of weld joint, 
because of over aging effect and coarser second phase particles. 

AA6082-T6 LSD: 9 V: 50-200 
2. Hourglass-shaped weld were attained using this tool with no 
obvious change in grain structure and size compared to base 
metals in HAZ. 

H: 5 PD: NA Z: 0.1  

TM: High speed steel PL: 4.6 T: 4º  
 PP: Conical threaded pin F: NA  

Esmaily et al. [166] USD: 24 N: 500-1200 1. Formations of kissing bonds take place at the lower weld surface 
of conventional FSW which are minimized by using bobbin tool. 

AA6005-T6 LSD: 24 V: 500-1200 2. Heat generation is higher due to which grain refinement takes 
place from SZ to AS in bobbin tool assisted FSW. 

H: 10 PD: 8-10 Z: 0.1  

TM: NA (from pin tip to root) T: 2º  
 PL: 9.8 F: NA  
 PP: Tri flat conical threaded pin   

Wan et al. [172] USD: 14 N: 800 

1. Welding speed is a key parameter for enhancing the weld joint 
quality because at lower welding speeds the band pattern and series of 
onion rings are formed which can be eliminated by optimizing the 
welding speed. 

AA6082-T6 LSD: 9 V: 10-200 2. Increase in welding speed reduces the tunnel defect as well as 
enhances the tensile strength of weld joint. 

H: 5 PD: NA Z: 0.1  

TM: NA PL: 4.6 T: 4º  
 PP: Conical threaded pin F: NA  

Hou et al. [170] USD: 18 N: 400-800 1. Increasing the difference in upper and lower shoulder size bring 
about defects. 

AA6061-T6 LSD: 16, 14, 12 V: 150 2. Voids are formed towards AS of the weld joint. Such defects were 
eliminated by reducing the rotational speed of tool. 

H: 4 PD: 8 Z: 0.06  

TM: NA PL: NA T: NA  
 PP: Cylindrical pin F: NA  

Okamoto et al. [171] USD: 20 N: 600-1000 1. By decreasing the pinching gap between shoulders enhances the 
weld joint quality. 

AA6082-T6, 6068-T6, 6061-T6, 
A6N01-T5 LSD: 20 V: 30-1000 2. The oxide remnant so called “lazy S” was eliminated by using 

convex scroll shoulder shaped bobbin tool. 
H: 5.95 PD: 10 Z: 0.1  

TM: Tool steel PL: NA T: NA  

 PP: Threaded pin with 3 flats 
having convex scroll shoulder F: NA  

Zhang et al. [165] USD: 16 N: 400 1. The scrolled shaped shoulder enhances the material flow and 
eliminates the requirement of tool tilting. 

2A14-T6 LSD: 16 V: 25-150 2. The FSW parameters must be optimized first in order to reduce 
the formation of ellipse and triangular shaped region. 
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Authors 
SRFSW tool geometry FSW process 

 parameters Remarkable effects of SRFSW 
Alloy, Tool Material 

H: 6 PD: 8 Z: 0.07  

TM: NA PL: NA T: NA  

 PP: Tri flat cylindrical pin 
(scrolled shoulder) F: NA  

Zhou et al. [153] USD: 18 N: 400 1. Defects like flashes and pores are formed at higher and lower 
welding speeds. 

AA6061-T6 LSD: 16 V: 150-450 2. Tensile properties of weld joint increases as well as refined grains 
are achieved at higher welding speed. 

H: 5 PD: 8 Z: 0.1  

TM: NA PL: NA T: NA  
 PP: Tetra flat cylindrical pin F: NA  

Zhao et al. [175] USD: 16 N: 1200 
1. In situ water mist was sprayed to the leading edge of top 
shoulder which reduces the peak temperature as well as enhances 
the weld joint properties. 

AA6063-T6 LSD: 16 V: 200 
2. Defect free joint and 11.4% increase in tensile strength was 
found in water cooling specimen as compared to as welded 
specimens. 

H: 4 PD: 8 Z: 0.05  

TM: NA PL: 4 T: NA  

 PP: Threaded cylindrical pin 
(spiral groove shoulder) F: NA  

Yang et al. [176] USD: 22 N: 300, 400, 600 1. Compared to normal FSW, in bobbin tool FSW the weld joint 
quality is independent of tool rotational speed. 

AA6061-T4 LSD: 22 V: 50, 100, 150, 300 2. Weld nugget grains become more refined with increase in 
welding speed in both the conditions. 

H: 6.35 PD: 8 Z: NA  

TM: NA PL: 6 T: NA  

 PP: Threaded cylindrical pin 
(scrolled groove shoulder) F: NA  

Wang et al. [173] USD: 11 N: 400-1200 
1. Bobbin FSW shows higher stability throughout the process as 
well as defect free joints can also be produced in a wider range of 
welding parameters. 

AA2198-T851 LSD: 11 V: 42 2. The unbalanced forces at upper and lower surface enhance the 
material flow and eliminate weld defects such as voids. 

H: 3.2 PD: 4 Z: 0.1  

TM: NA PL: NA T: NA  
 PP: Cylindrical pin F: NA  

Li et al. [177] USD: 24 N: 350 
1. Increase in welding speeds avoids the tunnel defect. However, 
at extreme welding speed the weld joint remnants provide an 
easier path for crack initiation leads to reduction of weld strength. 

AA2219-T87 LSD: 24 V: 250-450 2. Improper heat dissipation through bottom shoulder increases 
the lower surface average grain size of weld nugget 

H: 8 PD: 12 Z: 0.1  

TM: NA PL: NA T: NA  
 PP: Cylindrical pin F: NA  
 (Cavity feature in shoulders)   

Goebel et al. [178] USD: 15 N: 400, 600 
1. A tool with one stationary and other rotating shoulder was used 
and defect less weld with high surface finish were attained on the 
stationary side of tool. 

AA2198-T851 LSD: 15 V: 200, 500 2. High quality weld joints are achieved having hardness and 
ultimate tensile strength efficiency of 77%^ and 82%. 

H: 3 PD: 7 Z: NA  

TM: Pin-MP159, shoulder- 
X38CrMoV5-1 PL: NA T: NA  

 PP: Cylindrical pin F: 2.5, 4, 5  
 (Scrolled shoulder)   

AA: aluminum alloy; NA: Not Available; H: Height of plate in mm; TM: Tool material; USD: Upper shoulder diameter in mm; LSD: Lower shoulder diameter in mm; PD: Pin 
diameter in mm; Pcs: Cross section of pin in mm; PL: Pin length in mm; PP: Pin profile; N: Tool rotational speed in rpm; V: Welding speed in mm/min; Z: Shoulder plunge 
depth in mm; T: Tool tilt angle in degree; F: Axial force in KN. 

4.5. In-Situ Rolling FSW (IRFSW) 
FSW causes some common surface defects like flash, pin holes, voids, and grooves, which reduce the quality of the weld joint. 

These defects ultimately restricts its application in industrial fields [182,183]. Several surface improvement techniques were 

Table 8. Continued… 
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developed such as surface nano-crystallization (SNC) [184], surface mechanical attrition treatment (SMAT) [185] for refining the 
surface grain size and low plasticity burnishing (LPB) [186]. In such techniques compressive stress is applied directly on the surface 
to eliminate salt pit corrosion, which enhances fatigue life of material. To improve the quality of the weld surface in FSW a 
specifically designed tool is used with lubricated roller balls which are fastened to the spherical grooves by brazing. These balls were 
fixed to the tool which moves independently to the tool shoulder as shown in the Figure 32. In situ rolling friction stir welding 
(IRFSW) is the surface strengthening technology where low temperature multiple burnishing action is performed to reduce the flash 
defect and residual stress in the upper surface of the friction stir welded samples [188]. The compression of surface eliminate the 
pitting corrosion, improves the surface appearance and fatigue life of a component [189,190]. 

 
Figure 32. (a) IRFSW tool (b) Schematic illustrations of IRFSW tool, Rd is the rolling diameter of steel balls [187]. 

Huang et al. [187] studied the surface layer of aluminum alloy welded by in situ rolling FSW tool and found that the 
micro-hardness of the upper surface layers of the IRFSW-processed samples shows 11.2% increase in hardness value. 
Additionally, its value decreases towards the lower layers nevertheless tensile strength at optimized parameters increase by 
13% compared to base metal. The surface texture at different rolling depth and hardness value of individual layers of welded 
sample is shown in the Figures 33 and 34. 

Huang et al. [105] reported that In-situ rolling tool as compared to conventional FSW tool improve the joint quality to 
a great extent. Moreover, the rolling effect is advantageous to decrease the residual stress and distortion during welding. 
The IRFSW tool removes the weld flashes, warm holes at optimized parameters, and smoothens the surface as shown in 
Figure 35. Huang et al. [191] studied the effect of this new technique on residual stress and distortion of weld joint, and found 
that In-situ rolling of friction stir weld joints eliminates the flash defects, reduces the residual stress and distortion of weld 
joints. Furthermore, the in situ rolling processed specimen’s shows higher corrosion resistance as compared to as weld 
specimens. The remarkable effects of in- situ rolling FSW is summarized below in Table 9. To improve the global properties 
of material, in situ rolling of FSW is considered as the effective alternative without changing its chemical composition [191]. 
This technique has great potential for reducing weld flashes defects by applying extrusion pressure in AS and RS of weld joint. 
Also, it reduces the weld residual stress and distortion [189,193]. Thus, this new technique is highly desirable in industrial 
applications such as large integrally stiffened panels of airplanes, due to its simplicity and flexibility in nature [195]. Thus, 
from the various literatures reported it can be concluded that FSW assisted with various supporting tool systems plays a 
significant role in reduction of defect formation. 

 
Figure 33. Surface texture comparison of AAA2219 between conventional FSW and IRFSW processed samples at constant 600 rpm tool 

rotation and 300 mm/min welding speed (a) surface of conventional FSW samples (b) IRFSW with more than 0.05mm rolling depth (c) IRFSW 
with 0.05mm rolling depth (d) IRFSW with less than 0.05mm rolling depth [187]. 
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Figure 34. (a) Hardness and (b) Elastic Moduli comparison between base metal and IRFSW processed sample [187]. 

 
Figure 35. AA2219 weld surface appearance of IRFSW at constant 600 rpm tool rotation and different welding speeds (a) IRFSW with high 

welding speed (500 mm/min) (b) IRFSW with optimized welding speed (300 mm/min) [105]. 

Table 9. Remarkable effects of IRFSW. 
Authors In-Situ rolling tool/FSW 

tool geometry 
FSW process 
parameters Remarkable effects of IRFSW 

Alloy, Tool Material 
Huang et al. [187] Roller Type: Ball N: 600 

1. Low temperature rolling of upper surface improves the hardness 
value of upper surface as well as tensile strength of weld joint. 

AA2219 DB: 8, RD: 0.05 V: 300 
H: 3mm SD: 14mm Z: 0.1 

TM: Tool steel PD: 2.6mm T: NA 
 PL: NA F: NA 
 PP: Threaded conical pin  
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Authors In-Situ rolling tool/FSW 
tool geometry 

FSW process 
parameters Remarkable effects of IRFSW 

Alloy, Tool Material 

Huang et al. [105] Roller Type: Ball N: 600 1. Incorporation of rolling tool eliminates flash defects and 
enhances mechanical properties of weld joint. 

AA2219 DB: 8, RD: 0.05 V: 100-500 2. Percentage increase in Tensile strength and hardness value is 
13% and 20% 

H: 3mm SD: 14mm Z: 0.1  

TM: Tool steel PD: 2.6mm T: NA  
 PL: NA F: NA  
 PP: Threaded conical pin   

Hassanifard et al. [192] Roller Type: Ball N: 1400 
1. In situ rolling of smaller and larger rolling balls enhances the 
weld strength of joint by 25 and 40% as compared to conventional 
FSW process. 

AA6061-T6 DB: 6,8, RD: 0.05-0.7 V: 36 
2. grains becomes more refined and uniform especially in heat 
affected zone as well as improves the fatigue life of the weld joint 
compared with those of as welded samples. 

H: 5mm SD: 18mm Z: 1  

TM: NA PD: 6mm T: NA  
 PL: 2.6 F: NA  
 PP: Conical pin   

Du et al. [190] Roller Type: Cylindrical N: 1200 
1. The double sided friction stir welded sample of 6mm thickness 
was rolled to 4, 3, and 2 mm thickness due to which it improves 
dislocation density in stirred zone. 

AA6061-T6 DR: NA, WR: NA V: 500 
2. All the strengthening effect such as solid solution 
strengthening, precipitating strengthening and grain refine 
strengthening were stronger than base metals. 

H: 6 RD: 2,3,4, FR: NA Z: NA  

TM: NA SD: NA T: NA  
 PD: NA F: NA  
 PL: 4.3   
 PP: Threaded conical pin   

Altenkirch et al. [193] Roller Type: Cylindrical N: 800 

1. Author suggests that the post weld roller tensioning is the 
cheapest method of reducing the residual stress with lesser force 
requirement. Moreover, a load of 20 KN is sufficient for reversing 
the sign of residual stress. 

AA2024-T3, AA2199-T8 DR: 100, WR: 29 V: 200-400 
H: 5 RD: NA, FR: 10,20,30,40 Z: NA 

TM: MP156 SD: 13 T: NA 
 PD: 5 F: 1.3 
 PL: 4.35  
 PP: Threaded pin  

Huang et al. [191] Roller Type: Ball N: 800 1. The rolling tool pressure smoothen the weld surface asperities 
as well as reduces excessive flash formation. 

AA2219 DB: 8, RD: 0.05 V: 200 2. As compared to conventional FSW, this new technique reduces 
the residual stress and enhances the resistance to corrosion. 

H: 3 SD: 14 Z: NA  

TM: Tool steel PD: NA T: 2.5º  
 PL: 2.6 F: NA  
 PP: Conical threaded pin   

Ghisvand et al. [194] Roller Type: Cylindrical N: 500 

1. Author investigated the role of direct and indirect rolling of FSW 
joints and found that at optimized width of roller (equal to tool 
diameter 20mm) the maximum tensile residual stress reduces by 
57.3% for indirect rolling and 97.4% for direct rolling. 

304 stainless steel, DR: 30, WR: 10-30 V: 101.6 
H: 3.18 RD: NA, FR: 2.5-12.5 Z: NA 
TM: NA SD: 19.05 T: NA 

 PD: 6.35 F: 31.138 
 PL: 3  
 PP: NA  

Wen et al. [195] Roller Type: Cylindrical N: NA 

1. Finite element analysis was carried out to understand the reduction in 
residual stress induced by FSW, for three rolling methods i.e. in situ roller 
tensioning (ISRT), in situ direct rolling (ISDR), post weld direct rolling 
(PWDR). Of the three methods the PWDR showed a significant reduction 
of longitudinal residual stress as well as distortion of weld joints at similar 
roller forces. 

AA2024-T3 DR: 100, WR: 20 V: 300 
H: 3.2 RD: NA, FR: 10-68 Z: NA 

TM: NA SD: 18 T: NA 
 PD: 2-4 F: NA 
 (from pin tip to root)  
 PL: 3.2  
 PP: Conical pin  

AA: aluminum alloy; NA: Not Available; H: Height of plate in mm; TM: Tool material; SD: Shoulder diameter in mm; PD: Pin diameter in mm; Pcs: Cross section of pin in 
mm; PL: Pin length in mm; PP: Pin profile; N: Tool rotational speed in rpm; V: Welding speed in mm/min; Z: Shoulder plunge depth in mm; T: Tool tilt angle in degree; F: 
Axial force in KN; DB: Diameter of rolling balls in mm; DR: Diameter of roller in mm; WR: Width of roller in mm; RD: Rolling depth in mm; FR: Force on roller in KN. 

Table 9. Continued… 



Recent Developments in Friction Stir Welding Tools for Weld Bead Defects 
Minimization – A Review 

Lader et al. 

 

Soldagem & Inspeção. 2023;28:e2806 31/41 

5. Discussions and Future Outlook 
The imperfections in a weldment compromise its utility to a great extent and significantly affect the weld joint's overall 

performance [90]. To eliminate defects and flaws of weld joint the emerging tools and technologies are being utilized in FSW 
where bonding is obtained in the plastic state due to stirring action of FSW tool [105,196]. Figure 36 highlights the type of defects 
which can be reduced or eliminated by using various supporting tools and technologies with FSW. 

Over the past 15 years there has been remarkable degree of improvement in developing FSW supporting tool systems and 
differentiating them further from conventional FSW techniques. Various new FSW variants has been developed including 
preheating technologies, friction stir processing, friction stir spot welding, friction stir knead welding and riveting these specific 
techniques have their own limitations and advantages. This evolution of FSW has led the process a key competitor to the research 
on FSW assisted with various tool systems. FSW supporting tools and techniques described above are very useful to enhance the 
stirring effect and to obtain defect-less joints. A few particular issues are mainly focused on in this current research, such as the 
effect of FSW assisted tool systems, the influence of FSW process parameters, and tool pin profile on macro and microstructural 
evolution of friction stir weld joint. Effect of process parameters and tool pin profile on weld joint quality for various FSW assisted 
tool systems are mentioned in the Table 10. This survey provides researchers with collective information in one research work that 
highlights the defect minimization techniques and provides a basis for future researchers to take reference. 

 
Figure 36. Types of defects which can be rectified or eliminated with the various FSW assisted tool systems. 

Table 10. Effect of process parameters and tool pin profile on weld joint quality for various FSW assisted tool systems. 

FSW assisted tool systems Effect of FSW process parameters and pin profile on weld quality 

Non rotational shoulder assisted 
FSW (NRSA-FSW) 

The static shoulder designed in NRSA-FSW is used for minimizing overheating defect such as flashes. 
Conical/tapered threaded pin profile produces defect-less joint with smooth weld surface. Since the shoulder is 
stationary higher tool pin rotational speed was preferable to generate sufficient heat input for producing the 
defect-less joints. 

Counter rotating twin tool FSW 
(CRTT-FSW) 

Since this variant (CRTT-FSW) is in initial stage and only few literatures were reported so far. Additionally, this FSW 
variant is found very crucial to enhance the stirring effect of tool due to use of twin tool rotates in opposite direction. 
In case of CRTT higher frictional heat is generated therefore, low translational and rotational speed is preferable. 

Reverse dual rotation FSW (RDR-
FSW) 

Overheating of weld joint at high speeds leads to the formation of flash defects and undesirable reduction in weld 
thickness. The reverse dual rotation of pin and shoulder reduces the overheating and enhances material flow. 
Authors performed welding in a wide range of tool shoulder and pin speeds. In this case improved mechanical 
properties were observed at a tool rotational speed of NS: 800rpm, NP: 800rpm and welding speed of 150-
250mm/min. In most of the cases the conical threaded pin profile displays fine grains and improves material flow. 

Self-reacting/self-support/ Bobbin 
tool FSW  

Self-reacting or bobbin tool is designed to eliminate the requirement of plunge force and root flaws of 
conventional friction stir weld joints. 
Threaded cylindrical pin and scrolled type shoulder improves the flow of material in both the upper and lower 
parts of the weld joint. In this case higher welding speed and medium tool rotational speed is preferable to attain 
high quality weld joints. 

In situ rolling FSW (IRFSW) 
In situ rolling of friction stir weld joints reduces the residual stress and eliminate flash defect. Usually conical 
threaded pin profile generates sufficient heat input and enhances downward movement of plasticized material. 
Medium tool rotational speed and welding speed were desirable to enhance properties of the weld joint. 
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6. Conclusions 
The present study discusses various FSW supporting tool systems and their significant role in enhancing weld joints. Table 

10 summarizes the effect of process parameters and tool pin profile on weld joint quality. Based on the present investigations, 
the main findings have been summarized as follows: 
1. NRSA-FSW significantly reduces the overheating and extra thinning of weld joint by minimizing flash defects; 
2. SR-FSW or bobbin tool eliminates the requirement of plunge force and root flaws of conventional friction stir weld joints. The 

defects like kissing bonds at the lower end of the weld joint reduce and the vertical application of force is eliminated, 
making this process energy efficient; 

3. Threaded cylindrical pin and scrolled type shoulder of SR-FSW improve the flow of material in both the upper and lower parts 
of the weld joint. For SR-FSW higher welding speed and medium tool rotational speed is preferable to attain high-quality 
weld joints; 

4. The roller balls of the IRFSW relieve the residual stress of the upper weld surface, reduce the formation of surface 
imperfections such as flash defects, and enhance the surface appearance; 

5. RDR-FSW reduces the overheating of the weld joint and eliminates flash defects and undesirable reduction in weld thickness. 
The low translational and rotational speed is preferable for NRSA-FSW and CRTT for eliminating flash defects; 

6. The overheating effect produced by the CRTT is further minimized by the reverse dual rotation of the tool and shoulder with 
optimized FSW process parameters, which makes better balance and reduces the chance of overheating, and provides 
superior quality weld joint. 
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