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Abstract
Sustainable manufacturing aspires to operate available resources with minimum 
environmental impact by executing eco-friendly strategies. Fusion welding dom-
inates many industrial processes whether simple bonding operations or manu-
facturing more complex structures. Many manufacturers and environmental 
protection organizations have been worried about fusion welding problems such 
as harmful fumes, the high consumption of welding electrode shielded gases, etc. 
In the last decade, the environmental index granted many gains to the process of 
friction stir welding (FSW) because of its success in reducing the energy used and 
solving most fusion welding environmental problems, in addition to its ability to 
weld asymmetric metals, which made it consider a green technology that gives rise 
to hope. This chapter deals with the essential aspects of friction stir welding as a 
sustainable technology, including process history, types, benefits, and limitations 
compared to other types of welding, as well as recent trends and most frequently 
used applications.
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132 Sustainable Machining and Green Manufacturing

7.1 Introduction

Although the term “sustainability” appeared in literature several centuries 
ago, there is no consensus on a comprehensive definition of it. Sustainability 
can be defined as finding a balance between ensuring future generation 
rights and the present need. During the new millennium, many countries 
considered sustainability an influencing factor in environmental safety. As 
a result, many factories have faced harsh legislation, forcing many to close 
[1]. In addition to confronting global warming, legislation to adopt indus-
trial sustainability has become a prerequisite for all new projects and newly 
established factories. In manufacturing, studies focused on sustainability 
in the field of welding. They looked at many things, such as the effect on 
costs, the effect on the environment, reducing resource use, improving joint 
quality, and maximizing joint quality [2]. Welding is a very influential fac-
tor in the industry renaissance, dominating all jointing operations such as 
bolting or riveting. Welding processes are divided mainly into fusion weld-
ing and solid-state welding, in which the welding temperature does not 
reach the melting point of the welded metals [3]. Fusion welding is widely 
used and is characterized by its many types that try to cover most indus-
trial uses. Despite these advantages, workers in the welding field are forced 
to bear difficulties, especially concerning health aspects such as gases and 
fumes. For example, shielding gases are necessary to solve the problem of 
hydrogen embrittlement and impurities [4]. In addition, the emission of 
infrared, ultraviolet, and even visible radiation is common in arc welding, 
one of the main types of fusion welding. It is also noted that filler metal 
is required in many types of fusion welding, and the heat-affected zone is 
relatively large, affecting the welding quality. Martensite welding and the 
welding of dissimilar metals are complex processes in fusion welding [5]. 
In the early 1990s, in one of the most famous welding research and tech-
nology organizations (TWI), there were several attempts to invent a new 
type of welding. Wayne Thomas gave the practical principles of friction stir 
welding (FSW) [6]. FSW was intended to be a revolutionary leap for light 
metal joining, such as aluminum and magnesium [7, 8].

Friction stir welding is based on a nonconsumable rotating tool consist-
ing of two connected parts. The upper cylindrical part, called the shoul-
der, is connected to the welding machine (usually a CNC) and the other 
end ends in a tapered cylindrical part (usually) called the pin. The pin can 
be square, triangular, obturator, or cylindrical (not tapered) and can be 
threaded [9]. In friction stir welding, two plates of similar or dissimilar 
metals (considering the melting point of each metal) are arranged as a butt 
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Material Sustainability During FSW 133

joint. The two plates are firmly fixed to an anvil to reduce vibration and 
obtain a homogeneous joint, as shown in Figure 7.1. When the rotational 
tool reaches the weld seam, the contact area temperature rises, allowing 
the pin to gradually sink into the two plates until the lower shoulder sur-
face comes into direct contact with the weld seam. In the second stage, the 
welding tool moves rotationally and linearly toward the weld seam until 
it reaches the end of the area to be welded. In the third stage, the linear 
motion stops, and the rotational tool rises, leaving behind welded plates 
and a hole at the end of the weld [10]. The choice of welding conditions 
(tool rotation speed, welding speed, and penetration force) depends on the 
welded materials.

For understanding the metal flow during the process, the spinning tool 
offers a continuous hot working activity that pushes the material around a 
pin at temperatures lower than the joining sheets’ melting points. This pro-
cedure moves metal from the top face of the pin to its trailing edge while 
plasticizing it in a constrained area. The pin torque delivers the energy to 
form a viscous texture material, permitting it to flow around the pin as a 
boundary layer between the pin and the solid parent material driven away 
or diminished in thickness at the pin’s top edge.

The relatively low temperature of friction stir welding has many ben-
efits. In addition to solid-state welding, where there is no melting, the 
process is considered free from solidification defects such as cracks and 
porosity [11], and the heat-affected zone becomes better [12]. Moreover, 
most mechanical properties improve, such as tensile strength [13], fatigue 
life [14], hardness [15], and fracture toughness [16], which is offset by a 
decrease in distortion [17] and an ultrafine granular structure [18].
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Figure 7.1 Scheme of FSW process and fixation tools.
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134 Sustainable Machining and Green Manufacturing

The ability to weld similar and sometimes dissimilar metals and poly-
mers is one of the benefits of friction stir welding [19]. The welding process 
is automated, and the penetration is high with fewer defects. The welding 
tool is nonconsumable and does not require post-weld treatment. Safety 
and health are the essential features of friction stir welding, as there is no 
spatter, fumes, shielding gases, or arc [20]. On the contrary, there are many 
limitations that researchers are still striving to overcome, such as the high 
initial cost of robotic friction stir welding equipment [21], the presence of 
a keyhole at the end of the welding area [22], and special requirements for 
the tool materials, especially in welding steel alloys where the tool can be 
exposed to wear and damage [23]. Also, the sheets must be firmly fixed to 
the anvil, and the sheets that need to be welded must touch each other.

Sustainability has emerged as an insistent factor, and many restrictions 
have been placed on factories. On the other hand, countries, especially in 
Europe, encouraged renewable energies based on sustainability and decar-
bonization. In production lines, reducing production costs and reducing 
resource consumption, in addition to preserving the environment and 
health, are the main factors through which the production line can be con-
sidered sustainable.

In this chapter, the concept of sustainability in friction stir welding will 
be highlighted by reducing three aspects: cost, environmental impact, and 
energy consumed to maximize the efficiency of the resulting weld joints. It 
will also refer to the factors affecting FSW as “solid-state welding” and the 
technical improvements that accompanied the development of FSW tools. 
In addition, several industrial applications and projects will be mentioned 
in the context of industrial sustainability.

7.2 FSW Parameters

7.2.1 Rotation Tool Speed and Traverse Velocity

During FSW, speeds are the essential parameters, as there are two types 
of speed [24]. The first type is the tool rotational speed, which represents 
the speed at which the pin penetrates the metal, and the shoulder presses 
the sheet contact region. The second is the velocity of tool travel (traverse) 
along the required welding line. It can be considered a linear velocity asso-
ciated with the rotational speed of the tool.

It is difficult to determine the optimal values for both types of speed, 
as they vary according to the joined metals and other parameters. The 
force acting on the tool can be on multiple axes, the longitudinal force, 
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Material Sustainability During FSW 135

the vertical force, and the lateral force for the X, Y, and Z axes. The lon-
gitudinal force performs parallel to the tool movement and is positive in 
the x-direction. Since this force emerges due to the material’s resistance 
to the tool motion, these forces will likely decrease as the material’s tem-
perature increases. The vertical or downward force is crucial to keep the 
tool positioned at or below the material surface. Some FSW equipment 
works under load control, but the tool’s vertical position is often preset so 
that the load will alter during FSW. As torque is applied to rotate the tool, 
it depends on the downforce, friction coefficient, and material flow. The 
downforce, or lateral force, operates perpendicular to the traverse direc-
tion of the tool and is described as positive toward the FSW advancing 
side. When added to the effect of thermal impact, these forces can cause 
the fixture and the sheets being processed to deform and affect the tool’s 
wear. These effects will make it harder to figure out how residual stresses 
will form in the welding and how long tools will last.

It is worth noting that controlling the traverse velocity and the rota-
tional speed contributes significantly to sustainability. Reduced speed 
reduces energy consumption and production costs, significantly contrib-
uting to environmental improvement. In general, the forces generated in 
FSW processes are affected by the amount of rotational speed and travel 
velocity. The speed increase can help increase the force on the shoulder, 
but it may be off the pin. Table 7.1 shows the relationship between the 
rotational speed, the traverse velocity, and the effect of force components.

Q3

Table 7.1 Effect of tool rotational speed and travel velocity on force components.

Tool part Force component
Tool rotational 

speed* Tool traverse velocity

Pin Longitudinal ↓ ↑

Vertical ↑ —

Lateral ↑ —

Shoulder Longitudinal ↓ ↑

Vertical ↑ ↓

Lateral ↑ —

*Symbols ↑ (increase), ↓(decrease), and—(no effect).
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136 Sustainable Machining and Green Manufacturing

7.2.2 Plunge Depth and Tilt Angle

The plunge depth, a crucial factor in maintaining weld quality, is described 
as the distance between the shoulder lowest point and the plate surface. 
The pressure below the tool is increased by lowering the shoulder below 
the sheet surface, ensuring proper forging of the material at the tool’s back. 
If the plunge depth is too great, the pin could rub against the surface of the 
backing plate, or there could be a big difference between the weld depth 
and the base material.

During the FSW, the plunge depth adjustment is necessary to ensure 
suitable downward pressure and complete penetration of the tool into the 
welded plate. The tilting of the FSW tool by α = 2–4 degrees is necessary 
to overcome the incredible tool deflects and reset the plunge depth to the 
standard setting, as shown in Figure 7.2 [25].

7.3 FSW Sustainability Review

The term sustainability has appeared in many studies of the FSW in recent 
years. The section reviews only the previous articles in which sustainability 
appeared in their titles. Bevilacqua et al. [26] used life cycle assessment 
software to analyze the results of AA5754 sheet joining by friction stir 
welding. They found that it is more sustainable than other welding meth-
ods, as it reduces energy consumption and resource depletion. They also 
indicated a noticeable sustainability in the environmental impact com-
mensurate with the speed of rotation of the tool. Sued et al. [27] concluded 
that the total power used for friction stir welding was at most 130 kW 
when joining AA3000 aluminum plates. The total energy used is very little 
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Figure 7.2 Tilted tool and plunge depth of FSW tool (cross-sectional view).
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Material Sustainability During FSW 137

compared to fusion welding. They used a travel speed of 155 mm/min, a 
dwell time of 15 sec, and three rotational speeds of 700, 800, and 900 rpm. 
Sethi et al. [28] reviewed several studies in the FSW of similar and dissim-
ilar metals regarding welding process parameters and their impact on the 
interlayer, microscopic structure, and the resulting mechanical properties. 
The researchers did not address cost calculations, energy consumption, or 
the environmental and health impacts, which are the most studied top-
ics in the subject of sustainability in manufacturing. The same matter also 
happened in many articles, such as [29–31], where sustainability studies 
should have been discussed. The study presented by Majeed et al. [32] is 
considered one of the best published in the sustainability studies of FSW, 
as it included a clear explanation and helpful schematic diagrams about 
the potential aspects of sustainability in FSW, in addition to a compari-
son of economic feasibility with other types. The researchers discussed the 
environmental friendliness criterion and did not overlook the limitations 
of FSW processes. Al-Wajidi [33] studied the effect of using lubrication 
on FSW sustainability for joining 6061-T651 and 5052-H32 plates. The 
study focused on four aspects, cost, energy consumption, environmental 
impacts, and waste management, and showed that adding lubrication can 
reduce the required welding forces in addition to improving the mechanical 
properties and microstructure. Suresh et al. [34] suggested an algorithm to 
predict the best eco-friendly FSW parameters when welding AA6061-T6 
alloys. In the study, nanoparticles of Al2O3 were put in the keyhole; the 
tool’s rotation speed was 1,387 rpm, and its traverse speed was 7 mm/min. 
Azeez and Akinlabi [35] conducted an in-depth study on the relation-
ship between the tensile strength and generated heat of FSW joints and 
the sustainability criteria through economic, environmental, and health 
aspects. The emissivity, welding energy, and life cycle assessment (LCA) 
were analyzed. It was found that the lower FSW temperature led to a higher 
Weibull modulus, which is considered a criterion for better sustainability. 
To improve sustainability, Sharma et al. [36] used the LCA methodology 
to study the environmental effects associated with friction stir processing 
(FSP) of alloyed alloys. The study addressed the method of manufactur-
ing the FSP tool and suggested developing it through “zinc-coated cutting 
wires,” which makes it more suitable for environmental considerations.

7.4 FSW Sustainability Aspects

The system is supposed to be unsustainable when resources are consumed, 
and waste is created faster than nature’s ability to cope [37]. Friction stir 
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138 Sustainable Machining and Green Manufacturing

welding is considered a successful and sustainable alternative to fusion 
welding. In addition to its high efficiency, the energy used in it is much less 
than that in similar types of welding. This section discusses the FSW as a 
sustainable tool according to six sections, as indicated in Figure 7.3; min-
imize cost, maximize process efficiency, minimize environmental impact, 
and minimize energy consumption.

7.4.1 Minimizing the FSW Costs

Reducing the cost of production while ensuring high performance is the 
main goal in consideration of economic feasibility. Cost reduction is the 
key to achieving sustainability. Estimating the total cost of production is 
critical when deciding on welding types. Several studies have tried to esti-
mate and compare the production costs of many welds, including FSW 
[38]. Boeing showed that the use of FSW reduced the welding cost to about 
60% in Delta IV and Delta II, and the welding period was also reduced by 
74%, which is a very encouraging factor if the FSW is compared to other 
types of welding [39]. Boeing reports were an essential and decisive fac-
tor in favoring FSW over others. Despite the strict safety requirements in 
airplanes, the increasing use of this type of welding in the aviation sector 
indicates that FSW has taken the lead in the welding industry. Regarding 
FSW cost estimation, the cost of machinery, power, tools, and fixtures, in 
addition to the labor cost, are the main elements for calculating the total 
cost, where the machinery and labor costs constitute 95%, while the total 
costs of tools and power are 5%, as shown in Figure 7.4 [40].
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Figure 7.3 FSW sustainability aspects.Q5
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Material Sustainability During FSW 139

The machinery cost (Cm) and labor cost (Clc) are calculated for FSW 
from the following equations [40]:
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where CM is machine rate ($/hr), WT is time to weld (min), n is number 
of passes, TS is setup time (min), TCh is tool change-over time (min), MR 
is machine reliability (assuming 95%), TW is weld preparation time (min), 
CL = Labor rate ($/hr), and OF = Operating factor. The remaining costs 
(tools, fixtures, and power) are restricted to 5% of the total cost [33].

Several studies tried to compare the cost of FSW with other processes. 
When comparing the labor costs of the MIG welding process vs. the FSW, it 
was discovered to be roughly double, at 78% for MIG vs. 46% for FSW [40]. 
When comparing FSW with submerged arc welding (SAW), it was found that 
the direct machine cost is 47% in SAW vs. 95% for FSW while the personal and 
overhead cost was 30% in SAW vs. only 3% in FSW [41]. In the test evaluation, 
the FSW production time was 82% of the corresponding MIG [42].

7.4.2 Minimizing the FSW Energy Consumption

FSW is solid-state welding, meaning that the process takes place at tem-
peratures lower than the melting point, and this has contributed to a 
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Figure 7.4 Cost distribution in the FSW process.
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140 Sustainable Machining and Green Manufacturing

decrease in the energy consumption used in welding. In addition, the FSW 
process does not require a post-weld, which is another positive factor in 
reducing energy consumption. A low energy consumption in FSW is an 
attractive factor for manufacturers and investors because it supports gov-
ernment requirements toward sustainability and reducing global warming.

Majeed et al. [32] summarized a set of comparisons between energy 
consumption in FSW and other welding processes, especially GMAW. 
They concluded that the energy consumption is much lower than that 
of all arc welding processes. When comparing FSW with GMAW, FSW 
consumes about 42% of the energy consumed in GMAW [43]. Moreover, 
Dawood et al. [44] confirmed that the energy consumed in FSW consumes 
a quarter of what is consumed by GMAW. It is also comparable to other 
types of welding; when compared to laser welding, FSW is superior by less 
than 2.5% energy consumption [45]. The FSW energy consumption con-
sists of postprocessing (cutting), traverse, plunge, and idle energies, while 
in the GMAW, it consists of postprocessing (grooving), weld energy, and 
standby energy. Figure 7.5 compares FSW and GMAW energy consump-
tion using subdividing ratios [46]. The welding energy was reduced from 
59% in GMAW to only 7.5% in FSW, which is a clear indication of the 
sustainability achieved by switching to FSW.

7.4.3 Maximizing the FSW Process Efficiency

The efficiency of a joint, or how much load it can withstand under service 
conditions before failing, is used to determine its quality [47]. The ratio of 
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Material Sustainability During FSW 141

the joint tensile strength to the base metal is called joint efficiency [48]. 
Concerning the welding of similar metals in FSW, the results of joint effi-
ciency in aluminum alloys were surprising and very encouraging. For the 
AA1100 joints, the ultimate joint efficiency was 114%; for AA6061-T651, 
it was 69% [48].

Many studies in the field of FSW of dissimilar metals have focused on 
the joint’s efficiency for aluminum and magnesium. A joint efficiency of 
61% was achieved for the FSW of AZ31B magnesium alloy with A5052-H 
aluminum [49]. Masoudian et al. [50] noticed that a brittle-mode fracture 
occurred when the joint efficiency reached 76% for the FSW of AA6061 
Al and AZ31 Mg alloys. Malarvizhi and Balasubramanian [51] found that 
for the same alloys, the joint efficiency could be increased by up to 89% if 
the shoulder diameter was made to be about 3.5 times the sheet thickness. 
Mahamud et al. [52] studied improving joint efficiency using ER5356 filler 
to enhance intermetallic compounds for the FSW of AZ31B magnesium 
and A6061 aluminum alloys. The use of the filler increased joint efficiency 
by 9%, from 67% to 76%. The post-weld heat treatment can improve the 
overall joint efficiency and promote irregular grain growth through differ-
ent characteristics and softening behaviors formed in the resulting joints 
[53, 54].

The FSW process, on the other hand, improved thermal efficiency, 
which is the percentage of heat flow into the weldment compared to total 
heat generated [55, 56]. The excited thermal efficiency of Al 7075 T6 for 
FSW was 88% [57], 79% for 7039 alloy [58], and it was around 85%–88% 
for the AA6061 alloy [59, 60]. It was optimized up to 95% for AA2195 
aluminum alloy using the M2 steel tool [61]. The thermal efficiency in the 
magnesium AM60B alloy was achieved at 91% using a hardened steel tool 
[55]. For steel alloys, the thermal efficiency was 50% for 304L stainless steel 
[62], while it was 75% for the AISI 1018 steel alloy when using the molyb-
denum- and tungsten-based FSW tool [63].

In summary, FSW contributes to the improvement of the performance of 
weld joints, as the ultimate tensile strength and yield strength are increased. 
Not only that, but the hardness also improved significantly, and the defects 
were reduced or absent in many cases. Welding has become more uniform 
in the surface layer and has better penetration into other metal layers. All of 
these improvements are factors affecting the Industrial Sustainability Index.

7.4.4 Minimizing the Environmental Impact

Environmental impacts are short- or long-term changes that affect the 
inhabitants of the ecosystem system in the natural or built environment 
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142 Sustainable Machining and Green Manufacturing

[64]. Regarding welding, the processes are excessively affecting the health 
of its workers and the environment by generating fumes, dust, greenhouse 
gas emissions, and process wastes, in addition to the impact on energy and 
resource consumption [65]. The LCA can be utilized to expect the environ-
mental impact of discrete metal-forming processes [66]. LCA provides a 
more accurate, comprehensive view of the actual environmental impact of 
a process over its entire life cycle [67]. In FSW, the environmental impact 
studies focused on analyzing the influence of FSW parameters using LCA 
methodology, such as the effect of rotational and welding speeds on pin 
tool wear.

Bevilacqua et al. [65] used the LCA method to compare FSW, gas 
tungsten arc welding (GTAW), and laser beam welding using the same 
functional unit. The study proved that FSW had greater environmental 
sustainability than the GTAW process and little environmental benefits 
over laser beam welding. For AA5754-H114 aluminum alloys, the rota-
tional speed influences the environmental impact less than the welding 
velocity. The variation in the welding velocity clearly affects reducing the 
energy absorbed during the friction stir welding processes of aluminum 
alloys [26, 65]. For aluminum alloys, the absorbed energy is inversely pro-
portional to the increase in welding speed for all rotational speed ranges, 
as shown in Figure 7.6.

In summary, the combination of cost reduction and resource consump-
tion with improved weld joint performance points to the fact that the FSW 
is an influential contributor to environmental impact. This contribution, 
aided by a significant amount of applied research, was also aided by the 
rapid adoption of stir welding in many industrial applications because it 
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Figure 7.6 Energy absorption of Al alloys during FSW.
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Material Sustainability During FSW 143

is considered an environmentally friendly welding method. Therefore, 
expectations indicate that environmental safety determinants and global 
warming requirements will increase the use of environmentally friendly 
welds such as FSW.

7.5 Recent Modifications in FSW Processes

The continuous development of FSW equipment is evidence that this 
industry is influential and moving in the right direction. Recently, there 
have been many developments on the research side as well as on the 
applied side. In the research aspect, the follower can note the massive arti-
cles on FSW that are published annually. Many companies have devoted a 
special section to the friction welding industry in the industrial field, and 
the matter has developed further so that we have many companies world-
wide specialized in providing friction stir welding services or selling their 
equipment. This part reviews some research developments in FSW tools.

7.5.1 Double-Sided FSW Tool

In order to obtain more symmetrical welds and reduce the reactive torque 
and input heat, TWI researchers developed an FSW tool using two oppos-
ing tools on both sides of the joined sheets, as shown in Figure 7.7. This 
technique is known as the double-sided FSW tool [68]. The pins need not 
connect but should be arranged adequately close together so that the soft-
ened material around the two pins overlaps near the pin ends to forge a 
good FSW process.

Q11

Figure 7.7 Scheme of the double-sided FSW process.
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144 Sustainable Machining and Green Manufacturing

The double-sided tool was later used in many studies, such as studying 
the influence of tool size on the tensile strength of the Al alloys [69] and 
using convex and concave double-sided tools to study the plastic deforma-
tion and heat generation of the magnesium alloys [70]. It is also extended 
to investigate the effects of adding nanoparticles to the nugget zone [71] 
and double-sided friction stir spot welding of aluminum and steel alloy 
sheets [72]. In conclusion, even though double-sided FSW is being used 
increasingly, its industrial applications still need to be more ambitious and 
may require more in-depth scientific research.

7.5.2 Twin-Tool FSW Process

In some cases, the entire FSW process requires more than one pass; addi-
tional passes are needed to improve the welding quality and the mechani-
cal properties obtained. However, using more than one pass is not desirable 
in solid-state welding processes, which initially depend on sustainability, 
maximizing resources, and minimizing consumption. Therefore, the twin-
tool FSW concept was born to overcome the requirements of using more 
than one pass in the welding process. TWI first developed the idea in 1999 
[73] using parallel twin tools, and it was later developed using tandem 
twin tools [74]. In both types of twin-tool FSW, the welding time will be 
significantly reduced, the rotating speed of the tools can be reduced, and 
the travel speed can be increased while maintaining the heat generated 
by friction. These improvements can be considered positive steps toward 
achieving sustainability and reducing resource use. In order to distinguish 
between the two types, in parallel twin-tool FSW, the arrangement of the 
two tools is according to the welding direction: side by side and transverse, 
while in tandem twin-tool FSW, they are arranged in line with the welding 
direction, as shown in Figure 7.8.

The tandem strategy will improve the weld’s quality by breaking up 
any leftover oxide layers in the first weld area. Without losing mechanical 
properties, a second weld is produced over the previous one in the opposite 
direction. Similarly, because tool orientation dictates that one tool follows 
the other, the second tool passes through softened material.

Many studies have tried to shed light on using the twin-tool FSW. A 
comparative study between a twin tool and a single tool for welding alu-
minum alloys showed that plastic deformation occurred more when using 
the twin tool. The increase in deformation is due to the steady rise in heat 
generated along the joint seam [75]. In addition to obtaining a defect-free 
joint, an increase in hardness was observed.
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7.5.3 Dual-Rotation FSW Process

In traditional FSW, the shoulder and the pin rotate at the same speed, 
which is often constant throughout the welding process. This is also unaf-
fected by recent advancements such as twin-tool FSW and double-sided 
FSW. The other interesting point in traditional FSW is that the relative 
speed starts at zero in the center of the pin and gradually increases until it 
reaches the maximum in the outer diameter of the shoulder. In the case of 
dual-rotation FSW, the FSW tool is made of two separate parts, the pin is 
centered on the shoulder, and both rotate in the same direction, as shown 
in Figure 7.9.

The developed technology provides many advantages, such as the ability 
to control the relative speed and rotate the shoulder at a speed different 
from the speed of the pin. Furthermore, this development allows the shoul-
der and the pin to rotate in opposite directions. The sheets overheating and 
uncontrolled material flow rate at high temperatures are determinants of 

W
elding dire
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Welding dire
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(a) (b)

Figure 7.8 Scheme of (a) parallel-twin tool FSW, (b) tandem twin-tool FSW.

Pin

Shoulder

Figure 7.9 Dual-rotation FSW of the shoulder and pin arrangement.
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FSW, so dual-rotation FSW can be considered one of the reliable solutions 
for that. A relatively low rotational speed is often used for the shoulder 
while keeping the pin rotating at a high speed, which reduces excessive 
heating and controls the material flow rates within acceptable limits.

As with other improvements in the FSW method, dual-rotation FSW 
has been used in several studies. One of the essential references for study-
ing this technique on aluminum alloys was made by Liu et al. [76], where 
5A06 aluminum alloy was used. The study showed that good joint effi-
ciency was obtained using a low rotational speed, not exceeding 200 rpm 
for the shoulder and 400 rpm for the pin. On the other hand, conventional 
FSW was compared with dual-rotation FSW, and it was found that the joint 
results were defect-free when using dual-rotation FSW. Also, the welding 
process was more stable due to the remarkable improvement in the metal 
flow rate [77].

7.5.4 Friction Stir Spot Welding

FSSW is a special issue of traditional FSW, including all of its benefits, 
especially sustainability concerns [78]. The primary distinction between 
traditional FSW and FSSW is that there is no travel speed or movement in 
the FSSW, as shown in Figure 7.10, which concentrates the entire process 
in one point, so this type is classified as spot welding. From a manufactur-
ing sustainability perspective, FSSW is superior to corresponding joining 
methods such as riveting, resistance, and laser spot welding. FSSW con-
sumes less energy and does not require melting the weld region. It also 
does not need a professional worker, and no consumer rods need to be 
replaced periodically. About 90% of the consumed energy can be mini-
mized by replacing resistance spot welding (RSW) with FSSW, and the cost 
can be reduced to 40% [79].

Plunging Stirring Drawing Out

Figure 7.10 Scheme of FSSW stages.
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There are several forms of FSSW used in literature for many applica-
tions. Traditional FSSW [80], which is widely used, refill FSSW to over-
come the keyhole [81], pinless FSSW with only one shoulder [82], and 
swing FSSW with swinging movement over the surface of the weld or coat-
ing surfaces [83].

7.6 Recent Applications of FSW

Friction stir welding has progressed from the realm of research and lim-
ited application to active participation in various countries worldwide 
in the last 10 years. The increasing demand for friction stir welding as a 
sustainable tool has led to many companies specializing in manufactur-
ing equipment for this type of welding or providing unique services ever 
are moving toward. FSW can be automated, which improves precision 
and speeds up production compared to other types of welding. Because 
of the weight and cost savings, FSW was embraced for bonding fuel tanks 
on satellite vehicles, commercial aircraft manufacture, alloy rims, engine 
blocks, and battery boxes. FSW was used in the Eclipse 500 business jet, 
the Boeing 747 freighter, the Legacy 500 aircraft, and the Embraer aircraft 
[84]. Several cooperative projects in the field of FSW have recently been 
completed, including the 6.8-million-euro European Industrialization 
of Friction Stir Welding (EuroStir®), the 88.0-million-euro Technology 
Application for the Near-Term Business Goals of the Aerospace Industry 
(TANGO), and the 5.1-million-euro Welding of Airframes by Friction Stir 
(WAFS). Furthermore, FSW was used in several rail applications, such as 
the Commuter EMU Series 20000 and Express EMU Series 885 built by 
Hitachi and the 700 Series Shinkansen managed on the Tokaido and Sanyo 
Lines in Japan [85].

7.7 Conclusions

This chapter attempted to shed light on the concept of sustainability and its 
applications to friction stir welding through four essential aspects: reduc-
ing the environmental impact, reducing the energy and resources con-
sumed, reducing the cost of production and labor, and maximizing the 
welding process efficiency.

The chapter showed that by reviewing several novel studies, friction stir 
welding succeeded effectively in all four aspects compared to other weld-
ing processes. This remarkable success has led to the growing role of this 

Q12
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148 Sustainable Machining and Green Manufacturing

type of welding in the industry in recent years. Moreover, it has become an 
integral part of many industries, especially transportation, such as planes, 
trains, and cars, due to its significant contribution to reducing weight and 
cost. It has also been assigned many recent applications, such as manufac-
turing batteries. In conclusion, friction stir welding will contribute to the 
global vision of industrial sustainability in the coming years, and its areas 
of use will increase steadily.
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