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1 Introduction

The recent decrease of naturally available resources and increasing cost of the fuel
lead to an increase in demand for lightweight materials in various aerospace and
automobile industries. The lightweight materials reduce the consumption of fuel
and enhance the performance of the automobiles. In this perspective, the utilization
of lightweight material, such as aluminium and magnesium, has considered a great
alternative of steel. The joining of lightweight materials is always a challenge to the
research fraternity. Conventionally, riveting and resistance spot welding (RSW) is
used for joining of aluminium and other lightweight materials of lesser thickness.
However, these processes have many disadvantages such as high energy consumption
and less production efficiency [1]. The friction stir welding (FSW) method was
developed to overcome these limitations of the process, at The Welding Institute
(TWI)in 1991. The FSW process has been successfully attempted for joining various
non-ferrous, ferrous metals and polymers. The FSW set-up comprises of a tool, which
rotates as well as moves along the seam. The relative motion amongst the tool and
the workpiece material produces frictional heat, which tends to join the workpieces.
A new process is derived from producing a weld on the spot named as friction stir
spot welding (FSSW) by restricting the movement of the tool of the FSW process to
rotation only. The cycle time of the FSSW process is less than the FSW process as
it takes less time to produce spot weld than a seam weld [2].

The FSSW process joins the material in their solid state, i.e. the joining is done at
a temperature, which is lesser than the melting point of the workpiece material to be
weld and that too without any use of filler metal [3]. The process comprises of the
three stages, namely plunging, stirring and retracting, as shown in Fig. 1. Initially, the
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Fig. 1 Schematic diagram of FSSW process: a plunging, b stirring and ¢ retracting

tool rotates and contact is made between the tool shoulder and the workpiece placed
on top in lap position. After that, the tool penetrates the workpiece by applying a
force to form spot weld. This stage is called plunging, and the material is expelled
by the tool during this stage. When a predetermined depth is achieved, the stirring
phase initiates. In the stirring step, the tool keeps on rotating in both workpieces.
The material next to the tool is heated until it softens because of frictional heat,
generated in both stirring and plunging phases and then mixed by stirring. At last,
the tool is withdrawn or retracted from the workpieces, after a proper bonding is
achieved [4]. The FSSW process is an intricate process which comprises of many
process parameters such as rotation speed of the tool, plunge depth, dwell time and
plunge rate and are defined as follows:

e Tool rotational speed: The term explains the rotational tool speed, and the direction
of rotation is either counterclockwise or clockwise, as seen from the top.

e Plunge depth: The word used to explain the pin of the tool penetrates the
workpiece.

e Plunge rate: Defined as the velocity at which the FSSW tool penetrates into the
workpiece material.

e Dwell time: The term used for the time the FSSW tool remains in the workpiece.

The variation in the process parameters affects the various properties of the weld
such as strength, hardness, microstructure and weld macrostructure. The macrostruc-
ture of the weld produced after FSSW process is categorized into four regions, i.e. stir
zone (SZ), thermomechanically affected zone (TMAZ), heat-affected zone (HAZ)
and parent material (PM).

Stir zone (SZ) was the region which is created underneath the shoulder and the
tool pin when tool penetrated the workpiece, or it is a material which is in contact
with the tool directly. HAZ is the region which is affected by the heat; however, there
is not any deformation in the HAZ region. While the TMAZ region is affected by
both deformation and heat [5]. Parent material (PM) is the base material which is
away from the SZ and has experienced some heat; however, there is not any change
in the microstructure of the material [6].
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With the advancement in the process, researchers came out with various theories
on different aspects of the process, and one of the main issues is the joining of
dissimilar material. The objective of the paper is to present a literature review on
FSSW of similar and dissimilar material and to provide some useful information that
will be beneficial for future research.

2 Friction Stir Spot Welding of Similar Materials

2.1 Aluminium-Aluminium Joints

Due to the increasing environmental and global resource problems, reducing the
weight of automotive bodies, high-speed cars, aerospace structures, etc., is gaining
more attention and usage of lightweight material is found effective for the same.
Aluminium alloys have many fine characteristics like lightweight, specific strength,
corrosion resistance, high recycle and impact resistance [1]. Several researchers
have considered the process of joining different aluminium alloys by FSSW over
the years and some of them revealed that microstructural and mechanical properties
of joints vary considerably with process parameters. Shen et al. [7] calculated the
mechanical properties, failure mechanisms and microstructures of the weld produced
by welding Al-6061 T4 sheets by FSSW process and reported that to obtain the
desired appearance of the joint, the process should be done for a longer duration of
time and at higher tool rotational speed. Tier et al. [8] stated that the foremost feature,
which upsets the mechanical properties of welds that are made of aluminium alloys,
is the Alclad distribution in the weld.

During the FSSW of aluminium alloys, the reasonable strain rate is generally
complemented by a small rise in temperature, and it is the reason for the variations
in the weld microstructure [9]. The experimental study of joining of Al-6082 and
Al-7108 aluminium alloys by FSSW by Frigaard et al. [10] determined the strain
rate during the process. The author reported the estimated values of the strain rate
between 1.6 and 17 s~!; it is seen that these values have a lower magnitude than
those calculated during the FSW process. The researchers also suggested that there
is slippage between contiguous material in the SZ and the tool periphery.

Tensile strength of aluminium alloys depends on the parameters of the welding
and existence of imperfections in the welds [11]. Li et al. [11] observed joints with
hook defect and without hook defect and recorded that a higher value of the tensile
shear load, i.e. 12 kN, was obtained in joint without hook defect, while for joints
with hook defect, the value obtained was 6.9 kN. It is observed that tensile strength
obtained by refill FSSW process is higher than the welds having a keyhole. Uematsu
etal. [12] examined Al 6061-T4 aluminium alloy sheets, welded by both conventional
FSSW and refill FSSW process. The values of tensile strengths of the joints obtained
by refill FSSW process was 3.458 kN, while for joints having a probe hole, it is
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2.645 kN. It means the refill process improved the value of tensile strength of the
joint by 30%.

2.2 Magnesium—Magnesium Joints

Magnesium takes sixth place amongst the most abundant elements on the earth’s
surface, and because of their lightweight properties, they have an excellent specific
strength, hot formability, sound damping capabilities, recyclability and good casta-
bility [13]. Magnesium alloys have an essential application in industries where weight
reduction is required because of its relation between strength and weight and also
where it is essential to decrease inertial forces. On account of this, many denser
materials like cast iron, steels, copper alloys and even aluminium alloys are also
substituted by magnesium alloys in different structural and automotive applications
[14]. The crystal structure of magnesium is hexagonal cubic packing, i.e. HCP with a
restricted amount of operative slip systems at the room temperature. Shen et al. [15]
increased the temperature to improve the plastic deformation of alloys of magne-
sium, which, therefore, improved the fluidity of magnesium alloy in the course of
heating FSSW process. Thus, the voids count in the welded joint decreases, also
there was an improvement in the tensile shear load of the joint due to an increase in
the temperature. The researchers also witnessed that the width of the bonded region
got enlarged with the rise in the temperature during the welding process.

Various factors influence the joint strength, such as stir tool, the thickness of
the sheet and hybrid welding. Xu et al. [16] noted that the strength of the FSSW
magnesium alloy joint could be enhanced by adding Zn interlayer. This improvement
was seen because the addition of Zn interlayer lowered the reaction temperature of
the interface, which advances the diffusion reaction among Mg substrate and Zn
interlayer, creating a bonded region. Consequently, there was a decrease in the hook
defect and an increase in the bonded region area, and thus, the tensile shear load of
the weld joint was improved.

2.3 Copper-Copper Joints

Welding of copper to copper by FSSW welding process has got less attention and
has limited literature. Sansui et al. [17] joined commercially pure copper of 3 mm
thickness by FSSW. The researchers scrutinized the microstructure of the joint and
then conducted a corrosion test. The study was conducted at three different tool rota-
tion speed, and a completely metallurgical bonded region was witnessed in stir zone
with equiaxed and fine grains having their size bigger than those of base metal. Hook
defect was observed, which showed that there was an inadequate flow of material
during the stirring process. Some residuals were detected in the energy dispersive
spectrometer (EDS) analysis which was supposed to come from the tool which could
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negatively affect the corrosion property of the workpiece. It was witnessed that the
joint made at 1200 rpm had the least potential to corrode, and also it performed worse
than joints produced at 1600 rpm and 2000 rpm. Finally, the corrosion property of
the joint was enhanced by processing the workpiece in 3.5% NaCl.

2.4 Steel-Steel Joints

Initially, only aluminium alloy was welded by FSSW process because of the trouble
in choosing the suitable tool materials, which can survive the elevated temperature,
produced while welding of steels by FSSW. Moreover, this procedure can be applied
now to the steels after advancements in the tool materials [18]. Steel is essential
for the structure of the body of all mass-produced, high-volume cars. The customers
emphasize on safety and protection from corrosion, and this has increased the usage of
galvanized steel [19]. Baek et al. [ 19] produced galvanized steel joints and considered
the impact of tool penetration depth; also, the microstructure of the nugget was
analysed. The researchers concluded that there was not any mechanically blended
layer between the bottom and top workpiece plates at the nugget, and this was because
of less tool penetration and small height of the tool as compared to the thickness of the
steel plate. Sun et al. [20] scrutinized the mechanical properties and microstructure
of joints made of mild steel with flat FSSW technique. The researchers performed a
lap shear test, and interfacial mode of failure of the weld was observed. After failure,
the load fell to zero in very less time.

On the other hand, when the fracture happened through plug mode, the load
applied started to fell after the crack initiated. Researchers in their another study [21]
carried out on FSSW of low carbon steel (LCS) plates and used a supplementary heat
source in the form of high-frequency induction and stated that strong welds could
be achieved with a small load and low tool rotation speed after preheating. Also, a
maximum of 12.4 kN of the tensile shear load was achieved.

2.5 Polymer—Polymer Joints

With the advancement in the technology, the polymers are now taking the place of
various metals due to their low cost and lightweight such as polycarbonate (PC), acry-
lonitrile butadiene styrene (ABS) and high-density polyethylene (HDPE). Lambiase
et al. [22] joined polycarbonate sheets and analysed the effect on rotational speed
of the tool, dwell time, waiting time, preheating and plunge rate on mechanical
properties of the workpiece, while Arici et al. [23] joined polypropylene sheets and
optimized the tool penetration depth for maximizing the tensile strength of the weld.
Bilici [24] also welded polypropylene sheets by FSSW process and observed the
effect of the tool geometry on the weld formed. The author stated that the variation
in the tool geometry affected the development of the SZ and the strength of the weld.
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3 Friction Stir Spot Welding of Dissimilar Materials

Dissimilar material welding is the need of many industries to produce a structure
with properties of different materials by joining them with different methods (Fig. 2).
Joining dissimilar materials is the difficult task because of the variance in the melting
temperature of the materials, development of intermetallic compounds (IMCs), poor
solubility of the materials in each other, variance in coefficient of thermal expansion
of the materials and corrosion in the intermetallic zone [25]. The main issue in
welding of dissimilar materials is the development of brittle intermetallic compounds
(IMC:s). IMCs help in the propagation of cracks and thus lead to failure, also corrosion
can occur in that region. The formation of IMCs occurs when two different materials
melted and joined, which is common in various fusion welding processes. Joining of
dissimilar material is made easy with the introduction of solid-state joining processes,
which is lesser than the temperature of melting point of the material. FSSW is proved
to be an efficient process for joining dissimilar materials. The following section
provides a detailed study on different materials joined with FSSW and general trends
in the joining of dissimilar materials.

Suhuddin et al. [26] joined AZ31 magnesium alloy and AA5754 aluminium alloy
and analysed the microstructure of the joint. The author reported that the factors
that affect the development of the grain arrangements in the SZ are grain boundary
diffusion, dynamic recrystallization and interfacial diffusion, which results in the
fine equiaxed grains in the weld centre. The author also analysed similar Al-Al
and Mg-Mg welds and concluded that both similar welds had higher mechanical
and microstructural properties as compared to dissimilar AI-Mg weld. Chowdhury
et al. [27] studied the joint produced by welding AA5754-O aluminium alloy and
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commercial AZ31B-H24 magnesium alloy by FSSW process. The author studied
both Al-Mg and Mg-Al adhesive joint and observed that there was a unique inter-
facial layer containing intermetallic compounds in both joints. It was observed that
either Al-Mg or Mg—Al adhesive welds had greater failure energy and lap shear
strength that the Al-Mg weld without adhesive. While Sun et al. [28] welded a
commercial 1 mm thick aluminium alloy 6061 and mild steel of the same thickness
and had witnessed no evident IMCs layer present along the interface. Bozzi et al.
[20] studied the formation of IMCs layer after welding AA 6016 aluminium alloy
with a galvanized IF-steel sheet. The author witnessed that with the rise in the pene-
tration depth and tool rotational speed, the thickness of the intermetallic compound
(IMCs) layer increases. In addition, it is perceived that the presence of intermetallic
compounds (IMCs) appeared to be essential to improve the strength of the weld, but
in case the thickness of the intermetallic compound layer is large then the crack could
propagate simply through that IMCs layer. Lee et al. [29] joined low carbon steels
to Al-Mg alloy to scrutinize the influence of penetration depth of the tool on the
development of IMCs. The author observed that the area in which IMCs are formed
grew with the increase in the penetration depth of the tool. Table 1 shows the fssw
process of dissimilar materials.

4 Conclusion and Future Scope

The FSSW process is suitable for producing joints of both similar and dissimilar
metals as well as polymers. This paper is leading the way to the work done until
now on FSSW of similar and dissimilar joints. FSSW belonging to a class of solid-
state joining processes is a feasible mode of joining similar and dissimilar material.
The process is attracting more researchers because of its many advantages like mass
production, low energy utilization, cost reduction, etc. Earlier the FSSW method was
used for welding aluminium alloys, but with time many more materials have also
taken the interest of researchers like copper, steel, magnesium, polymers, etc. After
an extensive literature survey, it is perceived that there are many studies related to
FSSW of similar materials, but the field of dissimilar material joining still needs
more attention. Polymers are gaining the interest of researchers, and its application
can be seen in various fields like automobile, aerospace, etc. Also, polymer—metal
dissimilar welding has been reported by various researchers by different technologies
and their joining by FSSW still needs consideration. Copper is also least reported in
the research. The difficulty in welding of the copper is that the metal gets corrode
soon and when it is welded with dissimilar material, the formation of IMCs is more.
Researchers can consider the material for future research and eliminate the short-
comings of the weld. The FSSW process is an efficient process for industrial use;
innovation in the process can help to improve the production rate by FSSW process
to increase its utility in industries.
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Table 1 Research contribution in FSSW of dissimilar materials

Neeru et al.

Authors Material/thickness Findings
Piccini and Svoboda [30] AA6063-T6/2 mm and an Stirring and forging of the top
LCG-S/0.7 mm sheet into the bottom sheet was

improved by welding with the
tools having shorter pins

Reilly et al. [31]

AA6111-T4/0.93 mm, DC04
(ungalvanized)/1 mm and
DX547Z (galvanized) low
carbon steel sheet/1 mm

Used fluted tools and observed
that metal flow is
circumferential, and it was seen
that the tool and the central
region of the workpiece stick to
each other

Fereiduni et al. [32]

Al-5083/3 mm and
St-12/1 mm

The joint strength or tensile
shear strength of the weld first
enhanced and then a
depreciation was seemed with a
rise in the dwell time and with
this intermetallic layer was
formed, and also there was
growth in aluminium grains
adjoining the exit-hole of the
weld. So, the improvement in
the optimum tensile shear
strength was seen by increasing
the rotational tool speed and
decreasing the dwell time

Shen et al. [33]

ZEK 100 magnesium
Alloy/1.5 mm and galvanized
DP600 automotive steel
sheets/0.9 mm

Mg-steel welds have higher
effective bonded areas than
Mg-Mg welds because of zinc
brazing and presence of
incomplete bonding about the
periphery of the Mg-steel weld

Aliasghari et al. [34]

AA 5052 and propylene/2 mm

Polypropylene failed due to
ductile failure having fibrous
behaviour. Joints made using
pretreated alloy have approx.
40% decrease in the
crystallinity of the
polypropylene whereas it is
approx. 10% when the
untreated alloy is used

Siddharth and Senthilkumar
[35]

Al5083 and C10100/1.5 mm

Considered the influence of
variations in plunge depth on
the flow of materials within the
weld zone

(continued)
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Authors Material/thickness Findings
Ravi et al. [36] Al16082-T6/15 mm and Used different tool profiles and
HDPE/0.8 mm determined that the tool with

square pin was good for both
tri-metallic and sandwich
sheets, and also it was seen that
joints of tri-metallic sheets
performed better with every
type of tool profile

Siddharth and Senthilkumar
[37]

A1 5086 and C10100/1.5 mm | Found out the optimized values
of the process parameters as
2.05 mm plunge depth,

1100 rpm tool rotational speed,
11.5 s dwell time, 2.234 kN of a
maximum tensile shear failure
load and 90.9 HV of minimum

interface hardness

Rana et al. [38]

AA5052-H32/2 mm and
HDPE/1 mm

It was observed that sandwich
sheets than bimetallic sheets
because of smaller peak
temperature exhibited finer
grain structure, and the size of
grain increased after the
rotational tool speed was
increased because of the larger
generation of heat
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