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Abstract: Friction stir welding is a solid state joining process. High strength aluminium alloys are widely used in
aircraft and marine industries. Generally, the mechanical properties of fusion welded aluminium joints are poor. As
friction stir welding occurs in solid state, no solidification structures are created thereby eliminating the brittle and
eutectic phases common in fusion welding of high strength aluminium alloys. In this review the process parameters & its
effects on mechanical properties & microstructure and macrostructure, specific to aluminium alloys have been
discussed.

1. INTRODUCTION

Advanced materials like aluminium matrix composites (AMCs) have attracted considerable attention due to their
appealing mechanical properties and a clear potential for aerospace applications. They are thus viewed as an ideal
candidate as a new generation of light weight and high strength materials [1-3]. However, the implementation of AMCs
is restricted and they are not widely used in the aviation industry, in part because of the difficulties that are related to the
joining of these metals by conventional welding processes [2,4]. Efficient joints in terms of strength of AMC materials
cannot be achieved by fusion based welding methods due to the reaction between reinforcements and matrices leading to
the formation of brittle secondary phases in the weld pool or decomposition of reinforcements in molten metal [4,5].With
respect to welding processes, it has been proven by several studies that more efficient joints with much reduced porosity,
cracking, distortion, and reinforcement dissolution can be achieved when friction stir welding (FSW) is adopted.
However, as a result of the presence of reinforcement particles, a major difficulty of welding AMCs by FSW is the
narrow welding window (the range of welding parameters by which successful welding can be accomplished without
defects) in comparison with a monolithic aluminium alloy. In recent years, several review papers have been published on
various aspects of FSW. Thomas et al. [6], Rai et al. [7], and Zhang et al. [8] comprehensively reviewed FSW tools and
development. Threadgill et al. [9] gave a critical overview of FSW of aluminium alloys.

However, there is little information related to FSW of AMCs. The present review paper firstly gives a brief description
on the FSW process and the weldability of aluminium alloys and AMCs. This is followed by a detailed evaluation of a
number of critical issues in FSW of similar AMCs focusing on the microstructure and macrostructure and mechanical
properties of AMC joints. Finally, conclusions are drawn with a particular view on future challenges and research
directions.

2. BRIEF INTRODUCTION TO FSW

Friction Stir Welding was invented at The Welding Institute (TWI) of UK in 1991 as a solid—state joining technique and
was initially applied to aluminium alloys [10]. In essence, FSW is very simple, although a brief consideration of the
process reveals many subtleties. The principal features are shown in Fig. 1. A rotating tool is pressed against the surface
of two abutting or overlapping plates. The side of the weld for which the rotating tool moves in the same direction as the
traversing direction, is commonly known as the advancing side and the other side, where tool rotation opposes the
traversing direction, is known as the retreating side. An important feature of the tool is a probe (pin) which protrudes
from the base of the tool (the shoulder) and is of a length only marginally less than the thickness of the plate. Frictional
heat is generated, principally due to the high normal pressure and shearing action of the shoulder. Friction stir welding
can be thought of as a process of constrained extrusion under the action of the tool [11]. The frictional heating causes a
softened zone of material to form around the probe. This softened material cannot escape as it is constrained by the tool
shoulder. As the tool is traversed along the joint line, material is swept around the tool probe between the retreating side
of the tool (where the local motion due to rotation opposes the forward motion) and the surrounding undeformed
material. The extruded material is deposited to form a solid phase joint behind the tool. The process is by definition
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asymmetrical, as most of the deformed material is extruded past the retreating side of the tool. Friction stir welding is
therefore both a deformation and a thermal process, even though there is no bulk fusion [11]. Thermocouple
measurements during FSW of aluminum alloys suggest that, in general, the temperature stays below 500°C [12]-[14]. To
date, the prime focus of FSW has been for welding aluminum alloys, although the process has been well developed for
both copper alloys [15], [16] and magnesium alloys [17], [18]. The welding process in these materials takes place at
considerably higher temperatures, although the feasibility of the process has been demonstrated, further work is needed
to improve the performance and longevity of tool materials. In addition, considerable work has focused on using FSW to
join dissimilar aluminium alloys [19], [20]. Coverage of the present review is confined to the FSW of aluminium alloys.
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Figure 1 Schematic diagram of FSW

Moreover, FSW is considered as a green and environmentally friendly welding technology because of low energy
consumption, no gas emission, and no need for consumable material such as electrodes, filler metals, and shielding gases
(normally present in fusion welding processes). A survey carried out by the American Welding Society (AWS) in 2002
showed that $34.4 billion per year is spent on arc welding including the use of consumables, repair, and energy
consumption in the USA. The adoption of FSW has increased rapidly and 10% of joining processes have reportedly been
replaced by FSW.

3. ALUMINIUM ALLOYS AND THEIR WELDABILITY

As a versatile material, AMCs may be selected as an alternative to high strength aluminium alloys in aero engines and
aerospace structures like fins, wings, and fuselage. In 2001 NASA used composite aluminium Al-Li 2195 rather than
aluminium alloy Al 2219 for the external fuel tank of space shuttles leading to a reduction of weight by 3400 kg. This
saving in weight increases the cargo capacity of space shuttles and enables it to transport more than one components in a
single flight to the International Space Station [22]. Also, the use B/AI in truss and frame of aeroplanes saved 45%
weight from an all-aluminium design. Another application of AMCs is a 3.6 m antenna for Hubble Space Telescope
manufactured from Gr/Al (P100/6061 Al). It offers high stiffness, superb electrical conductivity, and low coefficient of
thermal expansion [23]. In addition, AMCs have found a wide range of applications in military sector such as armour,
due to the combined static strength and high ballistic performance [24].

The strength of pure aluminium is inadequate for structural applications. Therefore, to eliminate this limitation it is
alloyed with other metals like copper, manganese, magnesium, zinc, and silicon. Different mechanical properties can be
achieved by controlling the amount of alloying elements and heat treatments. Wrought aluminium is classified into two
types depending on the main alloying elements. Non heat treatable weldable aluminium alloys including AA1Xxxx,
AA3xxx, and AASxxx series are strengthened by cold working, whereas AA2xxx, AABxxx and AA7xXX series are heat
treatable, non-weldable alloys that can be strengthened by precipitation hardening [25,26].

In general, welding of aluminium and its alloys needs considerable attention. Problems may occur including the loss of
strength and defect formation when fusion welding processes are used. Centre-line or solidification cracking is also a
serious problem in fusion welding of aluminium alloys. The variations in heating and cooling cycle in the HAZ normally
result in lowered the strength of joint in heat treatable alloys [25,27] In contrast, a good joint was achieved by FSW and
there was no significant change in reinforcement volume fraction for both AMC joints. Therefore, the findings of this
study gave a clear indication of the suitability of FSW to weld different types of AMCs.
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4. PROCESS PARAMETERS

The most important factors affecting the quality of FSW weld are the process parameters. Due to material movement
during the process, microstructural properties of weld highly depend on the design to tool (tool pin profile, shoulder
diameter, tool material) and process parameters (tool rotational speed, tool feed rate, tool tilt angle, axial force, tool
plunge depth).

5. MACROSTRUCTURE OBSERVED IN FSW JOINTS

As the workpieces are exposed to thermal cycles and severe plastic deformation at high temperature through the rotation
of the tool in FSW. As a result of either excessive or insufficient heat input in the weld zone, defects such as tunnel
defects and kissing bonds may occur in the welded joint. Also, there are significant changes in the shape and structure of
the welding zone.

The macrostructure examination of welding zone can be used to reveal the quality of welded joints. Three different
zones; nugget zone (NZ), thermo-mechanically affected zone (TMAZ), HAZ can be identified in the macrostructure of
FSW joints as shown in Figure 2.

Retreating Advancing

Figure 2 Cross-sectional macrostructure view of FSW joint

Due to plastic deformation and frictional heat generated during FSW process generation of a recrystallized fine-grained
microstructure within the stirred zone takes place and the region which is observed is generally referred as weld nugget.
Depending on the process parameter, tool geometry, temperature of work piece and thermal conductivity of the material,
various shapes of nugget zone have been observed. Basically, nugget zone can be classified into two types, basin shaped
nugget that widens near the upper surface and elliptical nugget [28]. The formation of basin shaped nugget zone has been
reported in many investigations [29]-[31]. Lombard et al. [32] investigated the effect of varying welding parameters on
the properties of friction stir welded AA5083-H321 aluminum alloys and found concentric rings (onion skin structure) in
the weld nugget and the width of the nugget was of the order of the pin diameter. Cavaliere et al. [33] reported the
formation of elliptical onion structure in the weld centre. Nami et al. [34] reported tunnel defect in FSW Al/Mg2Si/15p at
low and high rotation speeds. It is found that the frequency of tunnel defect generation in FSW depends on the speed of
tool rotation.

Dynamic recrystallization during FSW results in formation of fine and equiaxed grains in nugget zone [33]-[36]. FSW
parameters, tool geometry, workpiece composition, temperature of the workpiece, vertical pressure exerts important
influence on the size of the recrystallized grains.

The thermo-mechanically affected zone (TMAZ) lies between the heat-affected zone (HAZ) and nugget zone (NZ). The
grains of the original microstructure are retained in this region, but in a deformed state. The TMAZ experiences both
temperature and deformation during FSW. The initial grains are rotated in the TMAZ [31], [37], [38] and the
recrystallization begins at TMAZ/nugget boundary. The TMAZ grain size of the joints was considerably larger than that
of the NZ and high density of precipitates was observed within each grain. Similar results have been reported by other
researchers [30], [32] [39].

Beyond the TMAZ there is a heat-affected zone (HAZ). In the HAZ the plastic deformation is absent or insufficient to
modify the initial grain structure [30], [31], [39]. This zone is subjected to only thermal alterations. In HAZ the
hardening precipitates can dissolve or coarsen depending upon the base material condition and thermal exposure.
Sullivan and Robson [39] investigated the effect of friction stir welding on the microstructure of 40 mm thick AA7449
aluminum alloy in TAF as well as in T7 temper conditions. They reported that in HAZ, the grain size is the same as in
the original parent material, but measurements of particle size show a marked change which becomes more distinct closer
to the TMAZ/nugget zone. FSW process results in dissolution, phase transformation, coarsening of precipitates and
formation of large precipitate free zone. Additional post-weld heat treatment resulted in marginal increase in the
coarsening of precipitates in the HAZ.
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In conclusion, nugget shape, onion ring, and tunnel defect are the main macrostructure features of FSW joints. Rotational
speed and amount of heat input have a great effect on the nugget shape and tunnel defects, while material flow behaviour,
recrystallization, and plate thickness effect are main factors for the appearance of onion ring. Hence the quality joints can
be improved if the temperature of the weld zone can be carefully controlled.

6. MECHANICAL PROPERTIES

Significant microstructural changes are observed within and around the stirred zone during Frictions stir welding. Due to
this changes post weld mechanical properties are affected. In the sections to follow, typical mechanical properties, such
as hardness, tensile strength, and fatigue are briefly reviewed.

6.1 Hardness

Many researchers use hardness data as an initial assessment of mechanical properties. Aluminum alloys are classified
into heat-treatable (precipitation-hardenable) alloys and non-heat treatable (solid-solution-hardened) alloys. A number of
investigations established that the change in hardness in the friction stir welds is different for precipitation-hardened and
solid-solution-hardened aluminum alloys. Many studies on the mechanical properties of FSW joints of heat-treatable
aluminum alloys such as 2219-0O [31], [36], [38], [40], [41] have indicated that FSW gives rise to softening of the joints
and results in significant degradation of the mechanical properties. Xu et al. [37] showed that in case of friction stir
welded thick 2219-O aluminum alloy, the hardness presents an asymmetrical distribution through the weld centre line
and the maximum hardness was obtained at the weld top on the advancing side because of the piling of materials on
advancing side. The weld top was significantly harder than the weld bottom. Cavaliere et al. [42] investigated the effect
of processing parameters on the mechanical and metallurgical properties of dissimilar AA6082-AA2024 joints produced
by friction stir welding. The joints were produced with different alloy positioned on the advancing side of the tool. The
joints were realized with a rotation speed of 1600rpm and by changing the advancing speed from 80 to 115mm/min. It
was reported that the highest value of microhardness was reached in the case of dissimilar AA2024-AA6082 when the
2024 alloy was on the advancing side of the tool and the welding speed was 115 mm/min. When 6082 alloys were
employed on the advancing side of the tool, the microhardness profile in the weld nugget appeared more uniform,
indicating a better mixing of the material. The hardness in the nugget zone was slightly higher than that in the base
material, and the maximum hardness was located in the TMAZ. In all the cases of welding, minimum hardness was
reported in the HAZ because of over aging effect. Bousquet et al. [43] reported that the AA2024-T351 friction stir
welded joint exhibited a significant microhardness evolution through the weld due to modifications in microstructure.

6.2 Tensile strength

6.2.1 Effect of Design of Tool

The design of tool is important for proper material flow and it is also used to find the traverse rate for FSW joint. FSW
tool has two basic functions: (i) localized heating, and (ii) material flow. The shape of tool shoulder and pin plays a
significant role in the tensile strength of FSW joints. Vijay and Murugan [44] investigated the effect of different pin
shapes (square, hexagonal, and octagon) in tapered and un-tapered profile on the tensile properties of FSW Al/TiB2/10.
The joint efficiency fabricated by un-tapered square pin exhibits a maximum tensile strength which reaches 99.47% of
that of the base material in comparison to other profiles. From the available literature, it is known that a cylindrical
threaded pin, truncated cone and concave shoulder are widely used welding tool features. Elangovan and
Balasubramaniam [45] investigated the effect of tool pin profile and tool shoulder diameter on the friction stir processing
zone formation in AA6061 aluminum alloy. Five different tool pin profiles (straight cylindrical, tapered cylindrical,
threaded cylindrical, triangular and square) with three different shoulder diameters were used to fabricate the joints. Their
investigation revealed that transverse tensile properties are dependent on the pin profile and tool shoulder diameter.
Wang et al. [46] found that the use of conical threaded pin at high traverse speed at 800 mm/min rather than a flat
cylinder in joining AA2009/ SiC/17p led to an increase of the joint efficiency to 97% due to the improvement of the
flowability of softened material. In a study reported by Yigezu et al. [47] in FSW 5 mm thick Al-12%Si/TiC/10 plates,
three shoulder diameters (18, 20, and 22 mm) and threaded cylinder pin were used as FSW tool. They reported that the
tensile strength of the weld joints varied from 124 MPa to 172 MPa depending on the tool type and process parameters.
A 20 mm shoulder diameter is preferable for obtaining the maximum ultimate tensile strength (UTS).
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Figure 3 Schematic Diagram of different tool pin profile used for FSW

6.2.2 Effect of Welding Parameters

In FSW joints the process parameters used are tool rotational speed (rpm), axial force (N), tool feed rate (mm/min), tool
tilt angle and tool pin plunge depth (mm). From all of above the two most important factors affecting the FSW weld
quality are (i) Tool rotational speed (rpm) and (ii) Tool feed rate (mm/min). The tool rotational speed helps in stirring
and mixing of material whereas the tool feed rate helps in moving the stirred material around the tool pin inline of weld
direction to get the required welded joint. So, we can say that the material stirring and mixing is in direct proportion with
the tool rotational speed i.e. Higher the tool rotational speed the higher the heat will be generated and so the material
stirring and mixing will be high and vice-versa. Tool tilt angle also plays an important role when FSW is used for
dissimilar materials, in that scenario proper tilt angle will help the material to flow around the pin and will help in getting
good quality welded joint.

Chen et al. [40] studied the effect of post-weld solution ageing heat treatment on the tensile properties and fracture
locations of 2219-O aluminum alloy FSW joints. Their finding suggests that heat-treated joints exhibits higher tensile
strength and lower elongation than the as-welded joints and post-weld heat treatment process has a significant effect on
the fracture location of the joints. The welding parameters have a significant effect on the ductility and strength of
friction stir welded aluminum joints [37], [42], [48], [49]. Rajamanickam et al. [50] investigated the statistical
significance of process parameters such as tool rotation and weld speed on thermal history and mechanical properties of
aluminum alloy AA2014. From analysis of tensile property data of joints, it was concluded that the weld speed was the
main input parameter that had the highest statistical influence on tensile properties. Liu et al. [51] studied the effect of
FSW parameters on the tensile properties and fracture locations of FSW 2017-T351 aluminum alloy. It was reported that
for revolutionary pitch greater than a definite value, some void defects exist in the joints, the tensile properties of the
joints were considerably low, and the joints fractured at the weld centre. Hatamleh [30] investigated the local tensile
properties at the different regions of the weld of AA 2195 joint produced by friction stir welding using digital image
correlation technique. Highest tensile properties were located in the heat affected zone and the lowest in the weld nugget.
More recently Malarvizhi and Balasubramaniam [52] compared the tensile behaviour of AA2219 joints produced by
GTAW, EBW and FSW. They reported that of the three welded joints, FSW joints exhibited superior tensile properties
compared to EBW and GTAW joints. Dinaharan and Murugan [53] reported that the maximum tensile strength of joint
was obtained at 6 kN axial force when joining in-situ composite AA6061/ZrB2. Further increment in hydrostatic pressure
leads to a reduction in the tensile strength.

7. CONCLUSIONS

This review aims to outline the current state-of-the-art of joining Aluminium alloys by FSW with a number of specific
issues discussed including the FSW process, weldability of aluminium alloys, macrostructure and mechanical properties
of FSW joint. FSW as a solid-state welding process, is considered to be potentially a viable route for joining Aluminium
Alloy materials. Its potential benefits in cost reduction, joint efficiency improvement, and high production accuracy make
it even more attractive for the non-weldable series AA2xxx, AABxxx and AA7xxx. However, the maturity of using this
joining process to weld Aluminium Matrix Composites is still at an early stage in research and has not yet been fully
implemented in industry. The mechanical properties of Aluminium Alloys joined by FSW are largely dependent on the
combined effect of both the composition of Aluminium Alloys and the FSW processing conditions. Early researches
showed that FSW is a potential welding process to achieve defect free joints of Aluminium Alloys. There is a clear need
for more efforts to understand the effect of FSW on these materials in adequate depth to meet design and production
requirements. More work is needed to understand the performance of FSW joint of AA2xxx and AA7xxXx series metals.
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Furthermore, welding parameters such as tool rotation speed, traverse speed, and axial force have a significant effect on
the amount of heat generation and strength of FSW joints. Macrostructural evaluation showed the formation of tunnel
defects due to inappropriate flow of plasticized metal. Microstructural evaluation of FSW joints clearly shows the
formation of new fine grains and refinement of reinforcement particles in the weld zone with different amount of heat
input by controlling the welding parameters. However, there is no general trend between welding parameters and
mechanical properties for different types of Aluminium Alloys. Further work needs to be carried out to define the
welding window of each composite metal for optimised mechanical properties.
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