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Abstract

The use of the friction stir welding (FSW) process as a relatively new solid-state welding technology in the transport
industries has pushed forward several developments in different related aspects of these strategic industries. Due to the geometric
limitations involved in the conventional FSW process, many variants have been required in recent years to suit the different types
of geometries and structures. As a result, numerous variants such as refill friction stir spot welding (RF-SSW), stationary
shoulder friction stir welding (SS-FSW), and bobbin tool friction stir welding (BT-FSW) have been developed. The RF-SSW
variant eliminates the hole left at the end of the weld line where the stirring tool is pulled out. This facilitates the use of FSW
process in component welding. The SS-FSW is low heat input process compared to conventional FSW which offers several
advantages such as narrower HAZ and reduced microstructural and mechanical variation across the weld region. Similarly, BT-
FSW process eliminates weld root defects and penetration defects and achieves a full penetration weld. Thus, these developments
have led to a wider application of FSW technology in various transport industries, such as automobile, shipbuilding, high-speed
trains, and aerospace industries. The main aim of this review article is to summarize the state of knowledge regarding the
application of the FSW process in the aerospace industry and to make suggestions for future work.
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1. INTRODUCTION

Welding is a unique manufacturing method that allows the production of complex parts from materials that are
difficult to shape or not economical. In these cases, individual parts are manufactured separately and then assembled
using a suitable joining technique. In addition, welding technology is generally a complementary process, not an
alternative to other manufacturing methods. Weldability is therefore one of the most important factors determining
the widespread application of new materials. In recent years, the demand for complex products that cannot be
produced in one piece or are very costly to produce, especially in the transportation industry, has increased due to
developing technology. Electric vehicles, high-speed trains, jumbo jets and cruisers (large passenger ships) where
fuel consumption is important are examples of such products.
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The progress made in the weldability of materials used in engineering applications with the development of new
welding technologies such as friction stir welding (FSW) further increases the importance of welding technology.
FSW, which was developed and patented by The Welding Institute (TWI) in England in the early 1990s, is generally
used in longitudinal welding processes of sheets and plates both in butt or overlap configurations [1]. The
application of the friction stir welding method is shown schematically in Figure 1 [2]. FSW is still considered the
most important development in the welding of materials in the last 30 years [2-26]. Nowadays, this welding
technique is used commercially for joining Al-alloys in many industries such as the maritime industry [27-29], high-
speed train manufacturing [27,29], and the aviation industry [27,30,31]. Standard length Al-extrusion panels used on
high-speed cruise ships are currently joined by this method. In addition, this method is also used successfully in the
welding of fuel tanks used in aviation applications [31]. This welding technique is also used to make the butt joining
of hollow Al extrusions used in the construction of high-speed train carriages in Japan [30]. The method has recently
begun to be widely used in battery carrier systems of electric vehicles. Additionally, some FSW variants have been
developed in recent years to improve welded joint performance. For example, the recently developed friction stir
spot welding (FSSW) is a candidate to replace the traditional resistance spot welding in overlap welding applications
of Al-alloy sheets where sealing is not required [32]. As a matter of fact, this method is successfully used in overlap
welding operations of Al-alloy sheets, which is difficult by resistance spot welding. Thus, this variant, together with
conventional FSW, will enable the use of lightweight Al-alloys in the manufacture of electric vehicles. This
technique is currently on the brink of industrial use in the lap jointing of Al alloy sheets in the automobile industry.
The method also presents itself as a potential candidate to replace riveting.
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Figure 1. Schematic presentation of friction stir welding [2].
(AS: advancing side and RS: retreating side).

Although the FSW technique was initially developed for Al alloys [2-26,33-37], it also has great potential for use
in the joining of Mg alloys [8,14,38-40], Cu alloys [8,41-43], Ti-alloys [8,17,18]. ], Al-alloy matrix composites [44-
46], lead [47], steels [8,48-53], and thermoplastics [54-56]. In addition, it has also potential for joining different Al-
alloys with similar behavior such as similar melting temperatures and hot workability [4,57-60] as well as for
welding Al-alloys with Mg-alloys [61-64] and for joining different types of steel [65-70]. Various joint types such as
butt, overlap, and T-joints can be produced with friction stir welding (Figure 2). However, cost-effective stirring
tools are needed to join metal matrix composites and metals with high melting temperatures, such as steels and Ti-
alloys, by friction stir welding [8, 12].
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Figure 2. Joint types obtained by the FSW method: (a) butt joint, (b) overlap joint, (c) T-connection with two pieces of plate, and (d) T-
connection with three pieces of plate [6].

The traditional FSW method does not give good results in cases where the mechanical properties of welded joints
are inadequate as a result of high heat input, or to obtain joints that require high performance, especially in welding
processes of different metals. For this reason, new FSW variants such as external cooling-assisted FSW [71-73] such
as underwater FSW, and ultrasonic vibration-assisted FSW [74-77] have also been developed to reduce heat input
thus to achieve high-performance joints and to prevent or minimize the formation of brittle intermetallic compounds
in the welding of different metals, respectively. In recent years, in addition to external cooling-assisted and
ultrasonic vibration-assisted FSW applications, new FSW variants have also been developed as a result of intensive
research on the application of the method to different geometries and structure types. The most important of these
new FSW variants are refill friction stir spot welding (RF-FSSW), stationary shoulder friction stir welding (SS-
FSW), and bobbin tool friction stir welding (BT-FSW). These relatively new FSW variants will be discussed in the
following section.

2. NEW FRICTION STIR WELDING VARIANTS
2.1 Refill Friction Stir Spot Welding

One of the new friction stir welding variants is friction stir spot welding (FSSW). The application of the friction
stir spot welding technique is schematically illustrated in schematically in Figure 3 [4,78]. This joining process is
done in three stages: plunging, stirring and tool withdrawal. After spot welding is achieved with this FSW variant, a
gap is formed as a result of the tool withdrawal, as seen in Figure 3. In addition to the formation of voids, this
process has other disadvantages such as a reduction in top plate thickness and hook-shaped joining [79]. As a result
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of efforts to prevent these weld defects, a new variant of this technique has also been developed in recent years. This
new version of FSSW is called refill friction stir welding (RF-FSSW). Figure 4 schematically shows the refill
friction stir spot welding process [3,80].
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Figure 3. Schematic presentation of the stages of friction stir spot welding (FSSW) [78].

In the first stage of the RF-FSSW process, a preheating phase is initiated while the probe and shoulder are aligned
at the same level on the top sheet surface. The friction effect at this stage softens the workpiece, allowing the stirring
tool to rotate at high speed to begin plunging with alternating motion between the probe and the shoulder. In the
second stage, the shoulder begins to plunge, causing further softening of the material so that the plasticized material
is injected into the pin slot. In the third stage, the probe begins plunging to re-inject the displaced material. In the
final stage, the shoulder and probe are again aligned parallel to each other on the top surface to create a void-free
spot weld [81]. The RF-FSSW technique was successfully used by Boldsaikhan et al. [81] to weld sheets of
aerospace aluminum alloys AA7075-T6 and AA2024-T3. In this study, AA2024-T3 was used as the lower plate
representing the outer skin of the aircraft structure and AA7075-T6 was used as the upper plate representing the
stiffener side of the aircraft's external skin-stiffening structure. Recently, this FSW variant has also been successfully
employed to produce defect-free lap joints in Al-alloys such as Al 6061 for the production of cellular 1-beams [82]
and dissimilar joints such as between different Al-alloys for battery applications [83] and Al-Cu for battery tab-to-
busbar applications [84].
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Figure 4. Schematic presentation of the stages of refill friction stir spot welding (RF-FSSW):

(a) clamping of sheets, (b) tool plunging and withdrawal of probe, (c) ¢) shoulder and probe reaching back to the sheet’s surface and refilling the
keyhole, and (d) release of the clamping force and tool withdrawal [3,80].

2.2 Stationary Shoulder Friction Stir Welding

The use of the FSW process in joining titanium-based alloys such as Ti-6Al-4V, which is widely used in
aerospace applications, is limited due to their poor thermal conductivity. When using conventional FSW tools, heat
is generated mainly at the top surface, resulting in a significant temperature gradient across the thickness of the
welded plate, especially in thick plates. This problem, together with the limited but relatively high hot working range
of alloys such as Ti-6Al-4V, makes it almost impossible to join titanium without defects with conventional FSW
[85]. The Welding Institute (TWI) has developed the stationary shoulder friction stir welding (SS-FSW) variant to
overcome this problem and weld titanium alloys using FSW [86]. The SS-FSW technique is shown schematically in
Figure 5 [87]. In the SS-FSW process, the shoulder of the stirring tool moving along the weld does not rotate, only
the pin of the stirring tool rotates within this fixed shoulder. Having the shoulder fixed significantly reduces the
contribution of the shoulder to heat production and affects the heat distribution throughout the weld depth.
Therefore, in the SS-FSW process, since the shoulder is stationary, a highly focused heat input is produced around
the tool pin (i.e., probe) and excessive surface heating does not occur [88]. The SS-FSW technique was successfully
applied by Russell et al. [88] in the welding of 6.35 mm thick Ti-6Al-4V plates and it was reported that the
stationary shoulder provided more uniform heating throughout the thickness. As a result, it was observed that the
microstructure was uniform throughout the entire weld cross-section. Additionally, the SS-FSW approach has also
been used in welding aluminum alloys to develop uniform microstructure and crystallographic texture throughout
the plate thickness [89].

In addition to porosity formation in fusion welding techniques, the most challenging obstacle in fusion welding
and conventional FSW of high strength aerospace Al-alloys is extreme strength loss in the HAZ due to overaging
resulting from the relatively high heat input [6-8,57,58,90-93]. The strength loss in the weld region is called strength
undermatching and this leads to failure in this area [94-97]. Thus, it should be eliminated or at least minimized. The
SS-FSW variant offers an advantage in this respect due to the stationary shoulder which reduces the heat input
experienced by the workpieces during the joining process. For example, Wu et al. [87] conducted a detailed research
to compare the SS-FSW method with the traditional FSW technique in welding high-strength aerospace Al-alloy
AA7050-T765 sheets. In this study, they aimed to examine the effect of FSW welding parameters on power
consumption by using the same stirring tool geometry in both conventional FSW and SS-FSW processes. The results
obtained showed that the required heat input in the SS-FSW technique was 30% lower than in the traditional FSW
technique. Additionally, the use of the SS-FSW technique has been determined to offer many advantages. These are:

. Formation of narrower and parallel heat affected zone (HAZ).



Cam, G. [ International Journal of New Findings in Engineering, Science and Technology (2024) Vol.2 No.2 171

. Less variation in microstructure and other properties across the weld cross-section.
. Better cross-sectional tensile properties than traditional FSW method.
. Improvement in surface roughness due to the ironing effect of the non-rotating tool on the upper surface.

Similarly, the process has also been used to produce defect-free joints in Al-Li alloys (i.e., 2A97) in a recent
study, and the best combination of strength and ductility was achieved at a rotational speed of 1000 rpm [98]. The
SS-FSW process also offers an advantage in butt joining of dissimilar metals such as Al-alloys to Mg-alloys where a
low heat input is required in order to reduce brittle intermetallic formation. However, the insufficient heat input may
result in unfavorable material mixing in the weld zone which reduces the weld strength. Therefore, the process is
usually used in combination with ultrasonic vibration, i.e. ultrasonic-assisted SS-FSW [99-102]. For instance, Hu et
al. [101] employed an ultrasonic vibration and stationary shoulder-assisted hybrid FSW method to obtain dissimilar
Al-Mg joints, and a maximum UTS of 161 MPa was achieved by this hybrid technology. Similarly, You et al [102]
achieved a high-quality dissimilar Al-Cu joint by the ultrasonic vibration-assisted stationary shoulder FSW process.

18 mm
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| — 6.2 mm
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Figure 5. Comparison of the traditional FSW stirring tool and the stirring tool used in the SS-FSW method: (a) Traditional FSW and (b) SS-FSW

[87].

On the other hand, it has been reported that when very high tool traverse and rotation speeds are used, a negative
effect such as "speed cracking”, which is observed in hot extrusion, may occur [87]. Owing to relatively low heat
input compared to conventional FSW, the SS-FSW method has also been widely used to join some different and
similar aluminum alloy sheets with high strength employed in aerospace applications [103-108]. These results
indicate that the SS-FSW technique is one of the promising FSW variants for aerospace applications.

2.3 Bobbin Tool Friction Stir Welding

The use of double-shoulder (top and bottom shoulder) FSW tools, known as bobbin tools, represents one of the
new developments of FSW technology, which has many advantages in terms of welded joint quality as well as
machine flexibility and capacity [109-116]. The advantages of the bobbin tool friction stir welding (BT-FSW)
method are:

Copyright © 2024 IJONFEST
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. Since full penetration weld is achieved, weld root defects and penetration defects do not occur.
. Low Z forces on fixture and machine.

. No support plate required due to lower shoulder use.

. Low distortion due to low Z forces applied.

. Thickness variation tolerance ability.
. Ability to join closed profiles such as hollow extrusions.
. More homogeneous mechanical properties throughout the thickness of the weld section.

Figure 6 (a) shows a schematic representation of FSW with two shoulder (upper and lower) bobbin tools and (b)
shows an example of the fixture setup used in the BT-FSW process [115]. A support plate is not needed in the BT-
FSW method. This feature makes the method ideal for welding hollow profiles, and at the same time, since the
applied vertical forces are low, less buckling and less distortion occur in the welded parts.

160

1). Fixture Base, 2). Side clamping of samples,

3). Samples to be welded, 4). Thermocouple holes,
5). Bobbin tool, 6). Fixing bolts, 7). washers,

8). Nuts, 9) Top clamping plate.

Figure 6. Schematic representation of the bobbin tool FSW technique: (a) an FSW bobbin tool used for welding 10 mm thick aluminum and (b)
an example fixing setup used in the bobbin tool FSW process [115].
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For example, Threadgill et al. [109] joined AA6082-T6 thick plates with FSW using both a bobbin tool and a
conventional tool and reported that successful welded joints were obtained with both tools. However, they
demonstrated that when the bobbin tool is used, the net axial force on the workpiece is almost zero, which has
significant beneficial effects on machine design and cost. Similarly, Xu et al. [112,113] examined the welding of 12
mm thick AA7085-T7452 aluminum alloy sheets with both BT-FSW and conventional FSW and reported that
successful joints were obtained in both methods. However, the joints obtained with the BT-FSW technique showed
lower welding performance due to the presence of a Lazy S defect resulting from a larger amount of heat input
[113]. On the other hand, Yang et al. [114] reported in a comparative study on AA6061-T4 sheets with BT-FSW and
traditional FSW that similar welding performance values (approximately 93%) were obtained in both methods.
Moreover, Wang et al. [110] investigated the weldability of 3.2 mm thick high-strength Al-alloy (AA2198) sheets
used in aviation with BT-FSW and reported that strong welded joints (welding efficiency = 80%) were produced
with different FSW parameters. Similarly, Ahmed et al. [116] conducted a study investigating the effect of tool pin
profile and feed rate on the mechanical properties of aluminum alloy sheets welded by BT-FSW. The findings
showed that the mechanical properties of the base plate can be preserved in the weld zone by optimizing the BT-
FSW parameters.

However, the macrostructure of the stir zone obtained by the BT-FSW is governed by the refill behaviour of the
plasticised metal. The refill occurs preferentially near the upper and lower shoulders, creating a triangular gap at the
mid-thickness level. A recent study by Li et al [117] reported that tapering the stirring probe reduces the volume of
displaced metal, leaving a smaller gap to be refilled during welding which leads to defect-free joints. More recently,
a bobbin tool concept having one rotating and one stationary shoulder has been proposed [118]. This technique is
known as semi-stationary shoulder bobbin-tool FSW. For instance, Goebel et al. [119] achieved flawless joints of
AA2198 alloy by this variant and reported 30% less heat input and improved joint tensile properties as compared to
conventional BT-FSW method. Similarly, Scupin [120] performed the semi-stationary shoulder BT-FSW to AA6082
alloy. They claimed that high welding speeds up to 2900 mm/min could be achieved, and the joint exhibited superior
tensile properties close to those of the base metal. Furthermore, Li et al [121] very recently applied this technique to
join AZ31B Mg-alloy. They reported that the use of semi-stationary BT-FSW method led to reduced forces as well
as torque, enabling higher welding speeds up to 1500 mm/min.

3. GENERAL REMARKS

This review article clearly shows that defect-free butt joints can be obtained with the FSW process in Al-alloys
and many other metals, particularly by employing the FSW variants. In addition, defect-free lap joints (spot welding)
are readily achieved with refill FSSW while full penetration butt-joints can be obtained by the bobbin tool FSW
process. However, the influence of welding conditions on joint performance has been determined to date only for Al-
, Mg- and Cu-alloys. Today, friction stir welding (butt and lap welding applications) is currently used industrially to
join Al alloys in the manufacture of ships, aircraft and space shuttles, trains and other vehicles. Although there is
some work conducted particularly on SS-FSW of Ti-alloys and the application of the FSW variants such as SS-FSW
in combination with ultrasonic vibration assistance to join Al-alloys with Mg-alloys, there is a need for further
research on the applicability of the FSW variants in other structural alloys such as Mg-alloys and dissimilar metal
combinations. The progress to be made in the welding of Al and Mg alloys in both similar and different
combinations by friction stir welding variants will enable the mass production of light transportation systems, thus
providing a significant reduction in fuel consumption. As a result, the application of this new welding method will
increase in the coming days, especially in shipbuilding, aircraft and aerospace industry, automotive industry and
other manufacturing sectors.

However, since high precision and high-quality part production is needed in the transportation industries,
especially in the aviation industry, FSW variants suitable for the part geometry to be produced should be used and
advanced NDT techniques such as special ultrasonic method (phased array ultrasonic method) must be employed to

Copyright © 2024 IJONFEST
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control the welded parts throughout production to determine whether the friction stir welded joints contain weld
defects. Moreover, appropriate methods need to be developed in parallel to repair these defects to the highest
standard and feasibility. Provided these shortcomings are overcome, the FSW technology in combination with the
laser beam welding (LBW) process will enable significant weight savings in the aviation industry as well as in other
transportation systems.
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