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Abstract: In the present study, friction stir welding (FSW) of butt and scarf joints of Al 6063-T6
were investigated. Five different tool pin profiles (cylindrical, tapered cylindrical, square, triangular,
and hexagonal) were applied for performing welding. Scarf joint, being a new joint configuration,
was used and effect of pin profiles was investigated on this type of joint configuration. The effect of
pin profiles on microstructure, micro-hardness, impact and tensile properties of friction stir welded Al
6063-T6 was investigated. Scanning electron and optical microscopy were employed to characterize
the different zones of welded joints. A thorough discussion on correlation between mechanical
properties and microstructure has been made. In addition, the formation of various defects during
the FSW was discussed with the help of fractography of the fractured surfaces.

Keywords: friction stir welding; scarf joint; butt joint; tool pin profiles; mechanical properties;
microstructure; metallurgy

1. Introduction

Aluminum alloy has been widely acknowledged in fabrication of lightweight structures especially
for aviation, automobile and the entire transportation sector as it has high strength to weight ratio,
corrosion resistance and good formability. Conventionally, for joining certain classes of aluminum
alloys (e.g., age hardenable alloys), a new hot shear welding technique known as Friction Stir Welding
(FSW), proved a great success [1–3]. It is evident from the research available that flaws like porosity
and hot cracking are not found in FSW [4]. Moreover, the dendritic structure that is a characteristic
feature of the fusion weld microstructure is not present in the FSW, thus any harm to the mechanical
properties due its presence is just not possible [5]. There are a number of stages involved in the
sequential progress of FSW process that is the pre-heating, initial deformation, extrusion, forging and
metallurgical phases during heat rejection as shown in Figure 1. This process is energy efficient and
environmentally friendly too [6]. Basically, the welding process operates by governing the amount of
frictional heat generated between the rotating tool and the workpiece being welded, through a set of
process parameters like tool rotation speed, plunge depth, welding speed, etc., in such a way so as to
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thermally condition the abutting joint surfaces in the severe plastically deformed region. Schematic of
FSW process is presented in Figure 2.
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The rotating cylindrical tool used to perform FSW is comprised of a shoulder (with a specified
diameter ‘D’) and a small pin or probe (of a predefined diameter ‘d’ and length ‘l’) attached to the
shoulder. The pin or probe can have various geometries, and it is plunged into the faying surface
of the materials being welded. The size and designs of shoulder and pin (commonly referred to as
tool design) have a significant effect on heat input and material movement. The study conducted
by Vijayavel et al. [8] revealed the fluctuations in the tensile strength and hardness of the friction
stir processed material because of the variation in the shoulder diameters to pin diameter (D/d) ratio,
and this was further linked with associated microstructural changes. Similarly, the research conducted
by Khan et al. [9] stated that a D/d ratio of 2.6 gives the maximum tensile strength, whereas a D/d
ratio of 2.8 results in the minimum tensile strength and microstructures showed grain refinement in
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the zone where the material is mixed through stirring action (known as stir zone) due to dynamic
recrystallization during FSW. Therefore, the present study used the optimized D/d of 2.6 for all
the experiments. Another pin/probe dimension i.e., ‘pin length’ controls the depth of penetration.
The design of the probe is such that its length is less than the thickness of the plate and its diameter is
typically a little larger than the thickness of the plate [10]. An adequately chosen shoulder diameter
provides two important functions: (a) prevents plasticized material, being stirred, from the out of
the stir zone in the form of flash and (b) sufficient amount of frictional heat input that is necessary
for the softening of material. Apparently, a truncated cone shaped pin akin to shape of flow vortex
of the softened material is commonly used. Both the probe and shoulder generate a fair amount of
frictional heat and heat of deformation that creates almost hydrostatic condition around the surface in
contact with the probe and shoulder. Thus, under the correct conditions of heat and flow material in
the front moves from the advancing side (AS) to the retreating side (RS) and consolidates at the back to
form a sound joint. The material from the leading edge is exported towards the trailing edge where it
is forged into a joint [11]. Roughly, with every complete rotation of the tool, a sufficient amount of
energy builds up to squeeze out semi-circular shells from the base material. This is exactly how the
weld zone develops or it can be understood as an integrated effect of small extrusions [12]. Moreover,
the investigation done by Elangovan et al. [13] shows that the shell extrusion process is responsible for
grain refinement and enhancement of material properties. The enhancement of mechanical properties
is mainly affected by the changes in the microstructure of the weld region resulting from dynamic
recovery [14].

Parameters like tool geometry and joint configuration have a considerable effect on the material
flow and temperature evolution, and the same is reflected in the microstructure of joints. Furthermore,
as a result of this combination of frictional heat and mechanical intermixing of materials, typical
micro-structural zones are evolved after FSW such as (a) the stir zone (SZ), consist of fine and
re-crystallized grains, (b) the thermo mechanically affected zone (TMAZ), comprising of plastically
deformed grains, and (c) the heat affected zone (HAZ) containing grains similar to base material.
The fine grains structure of SZ was a result of severe plastic deformation caused by stirring action
of the tool. The region next to SZ is less plastically deformed and is subjected to partial dynamical
re-crystallization, and it is named TMAZ. However, no plastic deformation is seen in the HAZ
region, and it only experiences a thermal effect [9]. Figure 3 shows the friction-stir welding
micro-structural zones.
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In case of age-hardenable alloys, the softening temperature is so high that it may lead to
coarsening or dissolution of the strengthening precipitate and consequently may adversely affect
the joint properties. Available literature reveals that the density, size, and distribution of the
strengthening precipitates strongly affect the mechanical properties of the friction-stir welded
precipitation-hardenable Al alloys [15–19]. Usually, during the welding thermal cycle [17,19],
the strengthening precipitates are dissolved due to the heat generation and thus mechanical properties
in the region around the weld may decrease.

Owing to various advantages over fusion welding processes, the FSW process has its own defect
such as tunneling defect, kissing bond (KB), joint line remnant, hooking defect, voids, and incomplete
root penetration. These defects form due to improper material movement and inadequate heat
generation caused by improper selection of process parameters, tool geometry and joint configuration.
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Material movement depends on several parameters including tool pin profile. These defects, if not
minimized or eliminated, may lead to the degradation of mechanical properties of the joints. Defect
formation in butt and lap joint configuration were investigated by many researchers [20–24]. Moreover,
some defects such as kissing bond and joint line remnants, are typical to FSW. The main reason for
these joints lies in the fact that, in the case of butt joint, the faying surface and the tool axis coincide.
The velocities and flow of material at and near the tool axis are negligible and contributes to these
defects. To overcome these defects, higher rpm and/or slower traverse speed are suggested. However,
these conditions also add more heat, which is detrimental to age-hardenable alloys. Thus, alternate
ways such as a change in joint configuration need to be explored so that they produce stronger joints
of age-hardenable materials can be better understood. Incidentally, most butt welds by FSW are made
in square joint configuration, which makes faying line coincidental to the tool axis. It is worthwhile
to mention that shear movement is maximum at the tool periphery and ideally zero at the tool axis.
In the case of a regular butt joint, the faying surface and the tool axis coincide and, because of deficient
shear and flow, the chances of defect such as joint line remnant and kissing bond are high. The scarf
joint has an advantage in which the abutting surface is inclined to the tool axis and can thus assist
in alleviating issues that lead to some FSW defects. To the knowledge of the authors, no literature
is available for the FSW with scarf joints. This paper has made an attempt to be the torch bearer in
investigating the effect of scarf joints. Any further attempt to separately optimize the parameters for
scarf configuration may uncover the complete potential of this type of joint. During FSW, the material
undergoes extrusion at the leading edge in the AS, which churns around the edge and finally forged
behind on the RS at trailing edge, thus consolidating the joint. During the course of this action, the
material moves under shear through a set of stick-and-slip actions around the pin and undergoes severe
plastic deformation. If the lateral surface of pins has flat faces such as in prismatic/pyramid shape,
the material, which otherwise moves purely under shear, experiences support to its flow through
pulsating action of the flats. Thus, the pin profile plays a significant role in material movement around
the pin. While the effect of pin profiles on square butt joints has been explored by some researchers,
its effect on scarf joint is not explored.

2. Experimental Method

In the present work, AA6063-T6 was applied as the base material (BM) and joined by friction stir
welding in square butt and scarf joint configurations. Rectangular plates of 200 mm × 45 mm × 4.75 mm
were used as welding. A 26◦ inverted bevel was tested to make up the scarf joint configuration. For the
chosen shoulder diameter, the bevel angles were chosen based on comprehensive trail runs. For the scarf
joint, the plates with inverted bevels were kept on AS as shown in Figure 4.
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To investigate the effect of pin geometries, hot die steel (H13) tools with five different pin profiles
such as cylindrical, tapered cylindrical, triangular, square and hexagonal (as shown in Figure 5) having
20 mm shoulder diameter, 7 mm pin diameter and 4.35 mm pin length were tested.Metals 2018, 8, 74  5 of 15 

 

 
Figure 5. FSW tools with different pin profile (a) cylindrical; (b) tapered cylindrical; (c) triangular; (d) 
square and (e) hexagonal. 

Chemical composition, mechanical and physical properties of Al 6063-T6 are shown in Tables 1 
and 2, respectively. Experiments were conducted on a robust vertical milling machine (Maker: Bharat 
Fritz Werner (BFW), Bangalore, India) adapted to perform FSW. The intimate contact between the 
abutting faces has a significant effect on the joint especially defect formation and thus the plates were 
clamped by using a robust fixture with zero root gaps and adequate lateral contact pressure. 
Parameters such as tool tilt angle rotational and traverse speed are key to the joint efficiency and they 
were carefully chosen through a rigorous experimentation. Tool tilt of 1.5° (towards the trailing side 
of the tool from the vertical axis of rotation), rotational speed of 900 rpm and traverse speed of 50 
mm/min was used during experiments. These parameters were chosen by optimization through 
comprehensive trial experimentation. 

Table 1. Chemical composition of AA6063-T6. 

Element Al Cu Mg Mn Fe Si Ti Cr Zn Ni 
AA6063-T6 98.75 0.0280 0.489 0.031 0.245 0.426 0.014 0.006 0.0297 0.0029 

Table 2. Mechanical and thermal properties of AA6063-T6. 

Aluminium 
Alloy 

Ultimate Tensile 
Strength (UTS) (MPa) 

Yield
(MPa) 

Elongation
(%) 

Thermal 
Conductivity 

Melting
Point 

AA6063-T6 220 110 14 200 W/m·K 616 °C 

The tensile and impact samples were prepared as per ASTM E-8 and ASTM E-32 specifications, 
respectively. A tensile test was performed on a computer interface tensometer at a cross head speed 
of 2 mm/min. Microstructural specimens were prepared by grinding and polishing as per standard 
procedure and were subsequently polished by applying 1 and 0.3 micron alumina suspension and 
diamond paste, respectively. The polished samples were etched with Keller’s reagent and 
macrographs of etched specimen are shown in Table 3. Micro-structural analysis was done on an 
optical microscope, whereas scanning electron microscopy (SEM, Zeiss, Jena, Germany) was applied 
to analyze fractured tensile samples. Micro-hardness was also traced on the transverse weld section 
across various weld zones. The Vickers hardness tests were conducted by means of hardness testing 
machine (Mitutoyo, Utsunomiya, Japan) at 2 N load and 15 s dwell time. It is worthwhile to note that 
the present work has been performed to investigate, demonstrate and compare the effects of pin 
profile on two different joint configurations. One of the joint configurations is very scantly reported 
in the literature; in such a situation, a microstructural analysis and its correlation to the process 
parameters shall be of greater importance, as it provides sound technical basis on the process 
mechanics. Thus, rather than a statistical analysis, discussions and analyses based on microstructure 
property correlation shall be more apt.  

The FSW process parameters and tool geometry except tool pin profile were optimized and kept 
constant during the experiments and are shown in Table 4. 
  

Figure 5. FSW tools with different pin profile (a) cylindrical; (b) tapered cylindrical; (c) triangular; (d)
square and (e) hexagonal.

Chemical composition, mechanical and physical properties of Al 6063-T6 are shown in Tables 1
and 2, respectively. Experiments were conducted on a robust vertical milling machine (Maker: Bharat
Fritz Werner (BFW), Bangalore, India) adapted to perform FSW. The intimate contact between the
abutting faces has a significant effect on the joint especially defect formation and thus the plates
were clamped by using a robust fixture with zero root gaps and adequate lateral contact pressure.
Parameters such as tool tilt angle rotational and traverse speed are key to the joint efficiency and
they were carefully chosen through a rigorous experimentation. Tool tilt of 1.5◦ (towards the trailing
side of the tool from the vertical axis of rotation), rotational speed of 900 rpm and traverse speed of
50 mm/min was used during experiments. These parameters were chosen by optimization through
comprehensive trial experimentation.

Table 1. Chemical composition of AA6063-T6.

Element Al Cu Mg Mn Fe Si Ti Cr Zn Ni

AA6063-T698.75 0.0280 0.489 0.031 0.245 0.426 0.014 0.006 0.0297 0.0029

Table 2. Mechanical and thermal properties of AA6063-T6.

Aluminium
Alloy

Ultimate Tensile
Strength (UTS) (MPa) Yield (MPa) Elongation (%) Thermal

Conductivity Melting Point

AA6063-T6 220 110 14 200 W/m·K 616 ◦C

The tensile and impact samples were prepared as per ASTM E-8 and ASTM E-32 specifications,
respectively. A tensile test was performed on a computer interface tensometer at a cross head speed of
2 mm/min. Microstructural specimens were prepared by grinding and polishing as per standard procedure
and were subsequently polished by applying 1 and 0.3 micron alumina suspension and diamond paste,
respectively. The polished samples were etched with Keller’s reagent and macrographs of etched specimen
are shown in Table 3. Micro-structural analysis was done on an optical microscope, whereas scanning
electron microscopy (SEM, Zeiss, Jena, Germany) was applied to analyze fractured tensile samples.
Micro-hardness was also traced on the transverse weld section across various weld zones. The Vickers
hardness tests were conducted by means of hardness testing machine (Mitutoyo, Utsunomiya, Japan)
at 2 N load and 15 s dwell time. It is worthwhile to note that the present work has been performed to
investigate, demonstrate and compare the effects of pin profile on two different joint configurations. One of
the joint configurations is very scantly reported in the literature; in such a situation, a microstructural
analysis and its correlation to the process parameters shall be of greater importance, as it provides sound
technical basis on the process mechanics. Thus, rather than a statistical analysis, discussions and analyses
based on microstructure property correlation shall be more apt.
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The FSW process parameters and tool geometry except tool pin profile were optimized and kept
constant during the experiments and are shown in Table 4.

Table 3. Macrograph of friction stir (FS) welded butt and scarf joints showing different weld zones.

Pin Profile Butt Specimen Scarf Specimen
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3. Results and Discussion

3.1. Microstructure Evolution of Butt Joint

The base material (Al 6063-T6) microstructure as given in Figure 6 shows that it consists of pancake
shaped grain boundaries along with the presence of dark precipitates that are uniformly distributed.
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In contrast to this, the microstructure of weld is comprised of refined grains (Figures 7 and 8).
Micrographs of square butt and scarf configurations are depicted in Figures 7 and 8, respectively. It is
evident from Figure 7 that, in square butt configuration, defects like joint line remnant, tunnel and
kissing bond (zig-zag line) are produced, which is a commonly reported concern [25–28]. Moreover,
such situation prevailed during several pin geometries including hexagonal, conical and triangular
sections, but the size of defects is very prominent in welds made with conical pin. As shown in
Figure 7e, in the case of triangular pins, the tunnels found on the AS, which indicates that the material
was pulled by the leading edge of tool from AS, but the pin could not effectively stir and fill the
material behind the tool, and, consequently, a void is formed.
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Micrograph from the SZ of weld made with conical pin is shown in Figure 7b, which reveals
that the joint possesses uniformly distributed grains along with fine particles that may be Mg2Si [29].
This contributes to enhanced joint strength and the same has been confirmed from the tensile test.
The cylindrical pin profile, however, produced joint of maximum tensile strength among the other
profiles used. Furthermore, zigzag lines and minute micro-cracks are also observed, which may be
due to agglomerated presence of Al2O3 particles along the faying line, which could not be merged due
these particles [29].

Figure 5c–e depict the micrographs of welds produced using square, hexagonal and triangular pin
profiles, respectively. Defects such as kissing bond, tunnel and joint line remnant are visible in these
micrographs. Furthermore, as calculated by Elangovan et al. [13], the number of pulses is equal to the
product of rotation speed per second and the number of flat faces in the pin. Therefore, at a traverse
speed of 50 mm/min (0.8333 mm/s) and rotation speed of 900 rpm (60 rps), the number of pulse
produced per seconds were 90, 60, 45 for hexagonal, square and triangular pin profiles, respectively.
Pins with flat faces like hexagonal, square and triangular produce pulsating stirring action and assist
with material movement, provided the size and number of pulsations are correct. Thus, for effective
pulsating action that can aid in effective stirring and homogenous redistribution of the strengthening
particles, proper selection of pin-shoulder diameter is also required. However, in the present study,
the employed pin-shoulder diameter shows that, in some cases, defects are present even despite
pulsating action (like a tunnel defect with triangular pin profile). This may be because of the fact
that the material extruded by a pulse has to be pressed by the shoulder, but, a material by a single
pulsation being either too much or too less may result in defects. However, in this study, the defects
that appear to occur were the results of insufficient availability of material at the site of joint due to too
less material being eroded in a single pulse.
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However, there is no such pulsating action in the case of cylindrical and tapered pin profiles,
and so the extrusion of material by these pin profiles is in the form of continuous fine layers.
Thus, the intermixing and deposition of this continuous supply of material in a limited amount
are successfully accomplished by the tool shoulder (20 mm), and it is evident from the results that
the strength obtained for these profiles is better than the rest of the profiles. Furthermore, study of
micrographs reveals that variation in grain size and distribution of strengthening particles Mg2Si
(minute black spots in the micrographs are actually Mg2Si [13]) are clearly visible.

Moreover, in the case of a triangular tool, the fall in tensile and impact strength of joints are due
to the presence of the tunnel defect as seen in Figure 8. However, the appearance of the top surface of
the joint may look fine, but the tunneling defect may still be present, as it exists below the surface.
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3.2. Microstructure Evolution of Scarf Joint

It was quite clear from available literature that the majority of the FSW work was done over butt
joint and lap joint configuration [30], whereas, in the present work, an attempt has been made to make
a joint between new configurations, which was actually a combination of lap and butt joints, and it
is named scarf joint configuration. From the micrograph of the SZ of scarf joints, the influence of
pin profiles on the material flow and defect formation is analyzed. Moreover, the microstructure for
scarf joints (Figure 9) shows that, while defects that are more serious like voids, tunnel, and cavities
are either absent or significantly reduced in size. Only defects like kissing-bond, hooking (which is
typically found in lap joints [31–33]), and zigzag lines were found in specimens of the weld produced
by different pin profiles.

As shown in Figure 9a–e, in almost all the micrographs, the initial joint line of two bevel plates
was clearly visible, and this was one of the reasons for the decrease in strength of the scarf joint.
These surfaces, however, experienced deformations and might deviate from the original straight and
flat contact interfaces. The wider kissing bond appears to be the main reason for the reduced strength;
otherwise, other bulk defects such as voids, tunnels or cavities are reduced in the case of scarf joints.
It is evident from Figure 9b that the SZ is comprised of elongated grains and transition from SZ to
TMAZ is clearly visible. The detailed micrograph of the kissing bond flaw with a typical angled
direction and a zigzag shape near its end is evident in Figure 9e.

Around the SZ and TMAZ interface, the presence of the kissing bond appears to be the extension
of the hooking defect in TMAZ, although the bond width is not as wide as it is for the hooking defect
as stated by Threadgill et al. [34]. Furthermore, such bonds (kissing and hooking) are imperfections
due to remnant oxide films on the original workpiece surfaces, which had not broken up due to the
insufficient deformation during stirring. In fact, the distribution of the oxides is strongly connected to
parameters such as welding speed, and tool rotational speed brings variations in the degree of stirring
produced in the material [35,36].
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3.3. Mechanical Testing

The effect of different pin profiles on tensile strength is explored for butt and scarf joints of Al 6063-T6.
In the case of butt joints, the tapered cylindrical pin profile showed the maximum strength (162 MPa) and
toughness (26 Joule) compared to the welds made applying other pin profiles, and this may be due to grain
refinement and dynamic recrystallization (DRX) in the SZ [10]. Fine grain structure increases the strength
of joints because the resistance in the movement of dislocation increases, as the number of grain boundaries.
Furthermore, the cylindrical pin produces joints with better tensile properties than square, triangular and
hexagonal. Joints produced using hexagonal and triangular pin profiles exhibited poor tensile strength due
to non-homogeneous movement of materials around the pin. FS welded butt and scarf joints fabricated
with cylindrical tool exhibited the highest elongation (11.16 and 7.75 mm, respectively), whereas joints with
tapered cylindrical pins showed elongation 7.95 and 7.01 mm, respectively. This difference in elongation
may be attributed to coarser grains from cylindrical tool weld, which aids in stretching by allowing the
grain boundaries to deform more. Scarf joints with cylindrical pins showed maximum tensile strength
(137 MPa) and toughness (21 Joule) compared to joints with other pin profiles.

Furthermore, in both joint configurations, the results obtained for square, triangular and hexagonal
shaped tool pin profiles are found to be weak in strength. As pulsating action produced by pins with
flat faces not only on depends on the number of flat faces in the pin but also on other parameters too.
Thus, the FSW process parameter combinations appear to be unable to generate sufficient temperature
and the rate of stirring in which the pulsating action could be effectively engaged.

It is reported that, due to inappropriate movement and insufficient plasticization of material
during FS welding, the joints are prone to defects like kissing bonds, voids, tunnel defects, etc. [37,38].
It was observed that the FS Welded joints obtained by applying triangular and hexagonal pin profiles
possessed tunneling defects, which resulted in the degradation of the tensile strength as shown in
Tables 5 and 6. Similar results are also reported in literature [39].

Table 5. Butt joint configuration tensile and impact test results for different pin profiles.

Pin Profile Peak Load (KN) UTS (MPa) Elongation (%) Impact Strength (Joule)

Tapered
Cylindrical 4.4 162 8 26

Cylindrical 4.1 160 11 24
Square 4.5 158 7 21

Hexagonal 3.5 117 5.3 22
Triangular 3.4 116 4.6 20
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Table 6. Scarf joint configuration tensile and impact test results for different pin profiles.

Pin Profile Peak Load (KN) UTS (MPa) Elongation (%) Impact Strength (Joule)

Tapered
Cylindrical 3.3 129 7 16

Cylindrical 4.4 137 8 21
Square 1.6 77 5 09

Hexagonal 4.4 121 8 11
Triangular 1.7 63 3 18

3.4. Fractography

To reveal how the fracture occurred during tensile testing, SEM observations of the fractured
section were carried out. The fracture mechanism of the joints produced by testing different tool pin
profiles and over two different joint configurations are described by the typical fractographs at the
mid-section of the fractured tensile specimens in Figure 10.

The SEM fractographs reveal that a combination of deep and shallow micro-voids (less in number
in case of butt joints) were present (Figure 10a), whereas micro voids in the case of scarf joint
configurations were seen in large numbers that are relatively big in size compared to butt joints
(Figure 10b). Furthermore, ductile striations spread over a large part are also visible. Furthermore,
energy dissipation in plastic strains is evident from the deep dimples at certain places in the micrograph.
Finely populated deep dimples are observed in butt joints (Figure 10a), which implies typical ductile
mode of fractures observed in many aluminium alloys. The scarf joint shows shear type fracture with
less number of deep dimples near the SZ (Figure 10b). The ductile fracture with void nucleation and
coalescence is distinct in this micrograph.
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energy dissipation in plastic strains is evident from the deep dimples at certain places in the 
micrograph. Finely populated deep dimples are observed in butt joints (Figure 10a), which implies 
typical ductile mode of fractures observed in many aluminium alloys. The scarf joint shows shear 
type fracture with less number of deep dimples near the SZ (Figure 10b). The ductile fracture with 
void nucleation and coalescence is distinct in this micrograph. 

Figure 10. Cont.
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Figure 10. SEM fractography of the welded joints produced by (A) tapered cylindrical pin for buttjoint
configuration and (B) cylindrical pin for scarf joint configuration.

3.5. Micro-Hardness Distribution

Micro-hardness distribution in the welded joints is performed to plot the topography of hardness
variations across various regions of the welds. The micro-hardness distribution across the welded
samples (transverse section) of the butt and scarf joints produced by different pin profiles are given in
Figure 11a,b.

It is quite evident from Figure 11a that the micro-hardness profile is “W” shaped for all butt joint
samples obtained by applying different pin profiles except for the square pin profile. The available
literature supports the formation of “W” shaped profile for precipitation strengthened materials. In the
stir zone, the average micro-hardness is 70 HV for all the samples except square pin profiles, and it is
about 85 HV for square pin profile welded samples. Square pin profiles create a maximum pulsating
action and provides a higher volumetric area (swept/static volume ratio is higher) for material mixing
thus results in good material mixing and higher micro-hardness. The micro-hardness further increases
at the TMAZ and suddenly drops at the HAZ of the retreating side of the joint obtained using a square
pin profile. The sudden increment at the TMAZ may be attributed to the intermetallic compound
(IMC) formation, and its decrement in HAZ is due to the grain coarsening and dissolution of the
strengthening precipitates [40–43].

The micro-hardness profile at the stir zone for butt joining is stable (see Figure 11a); however, for all
the scarf joints, there is a sudden drop in micro-hardness near the centerline as shown in Figure 11b.
The basic material movement in FSW is advancing to the retreating side, but the complex nature
of the scarf joint requires an effective vertical material movement, which is not fulfilled completely
during FSW. Thus, the formation of heterogeneous mixture at the stir zone is the possible reason for
the decrement of micro-hardness in the scarf joint for different pin profiles. However, the square joint
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creates the maximum micro-hardness among all the joints due to the effective pulsation, which can
create better material stirring and mixing.Metals 2018, 8, 74  12 of 15 
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Figure 11. Micro hardness profiles of welded joints produced in (a) butt joint configuration and (b) scarf
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4. Conclusions

FSW of Al 6063-T6in butt and scarf joint configuration using five different tool pin profiles
(straight cylindrical, tapered cylindrical, threaded cylindrical, triangular, and square) has been
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successfully performed. Along with butt joint configuration, a completely new joint configuration
i.e., scarf joint (lap-butt), is tried for FSW. Defects that form during the course of action were also
reported and discussed, and feasible recommendations have been made to prevent their formation.
Based on the results obtained, various conclusions are drawn below:

1. FS welded butt joints fabricated with Tapered Cylindrical tools exhibited the highest tensile
strength (162 MPa), whereas triangular tools showed the lowest tensile strength (115.6 MPa).

2. Maximum impact strength of the FS welded butt joint is found to be 26 joules for Tapered
Cylindrical tools.

3. The low strength obtained in the case of scarf joints is due to relatively new joint configuration and
improper features of the joints such as inclination angle, plate positioning and improper plunge.

4. Tunnel defects are found on the advancing side of the butt joint fabricated using triangular pin
profiles due to the improper flow of material and inadequate consolidation.

5. Hooking, kissing and zigzag line defects were observed in the weld zone of scarf joint
configurations due to improper combination of process parameters employed for welding.

6. FSW on scarf joints has been performed on the parameter combinations, which were optimized
for butt joints.
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