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In the present work, the behaviour of an AA6061-T6 alloy joint through friction stir welding was studied
comprehensively under a set of processing parameters so as to establish a better microstructure-strength
relationship in the joint. In-depth investigations have been done on intermetallic compounds and their
phases using SEM, XRD, optical microscopy, and EDS, and thereby on the mechanical properties of the
welded joint through tensile, hardness, and residual stress. The results revealed the evolution of grain
boundaries and the existence of second-phase particles such as Mg2Si, MgZn2, MgCu2, and Al2CuMg.
Moreover, using a rotational speed of 800 rpm results in enhanced hardness, tensile strength, and flexural
strength. The highest and lowest tensile strengths of 198 and 171 MPa correspond to 800 and 600 rpm,
respectively. The grain size distribution in the weld zone is 76.94, 0.83 and 36.82 lm for 600, 800, and
1000 rpm, respectively. Flexural strength was improved for the 800-rpm case and reached a maximum of
380 MPa. The lowest residual stress was found for an 800-rpm sample with tensile and compressive nature
of stresses. Ductile fracture behaviour was obtained for tensile samples obtained at 600 and 800 rpm,
whereas in the case of 1000 rpm, brittle fracture behaviour was seen.

Keywords AA6061-T6 alloy, fracture analysis, friction stir
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1. Introduction

The effort involved in producing conventional fusion
welding with better strength, fatigue resistance, and corrosion
resistance has limited its usage on aluminium alloys of the 6000
series, which are commonly used in pioneering industries like
automotive, railways, marine, and construction. Therefore, it is
crucial to study welding methods for such materials due to their
extensive usage in various industries. Lightweight structures
are a significant design element in the aerospace industry, and
aluminium alloys are preferred over steel alloys due to their
lower density. To weld aluminium alloys, the solid-state friction
stir welding (FSW) technique is extensively utilised for
materials with high-melting points, such as steel and aluminium
alloys (Ref 1, 2). The Welding Institute (TWI) and Cambridge
University collaborated to develop the FSW process as a solid-
state joining of aluminium alloys (Ref 3). Numerous studies
have been conducted so as to enhance the mechanical
performance of the joint and address any defects in the FSW
process. Researchers have discovered ways to improve the
quality of the weld and its mechanical properties (Ref 4, 5). For
instance, Kadian and Biswas (Ref 6) studied the material flow
behaviour of CuB370 and AA6061 dissimilar plates during
FSW and proposed a new model for the material flow of
dissimilar materials in FSW that takes into account the strain
rate and temperature-dependent material properties.

Liu et al. (Ref 7) conducted a study on the 6061-T6 alloy
using the vortex-friction stir welding (VFSW) process. The
main focus of their research was to investigate the changes in
the microstructure of the alloy during the welding process. The
experimenters used microhardness and tensile strength mea-
surements as indicators of microstructural changes and also
examined the grain structure and precipitate in different zones.
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The results indicated that the heat-affected zone (HAZ) was the
weakest region of the VFSW joint. The weakening in the HAZ
was primarily due to the enlargement of particles in the
structure of tiny materials. In the nugget zone of the weld
(WNZ), there was continuous and dynamic rebuilding of
crystals, but it was not enough due to the self-adjusting nature
of plastic deformation in the VFSW process. Solid solution
strengthening occurred in the WNZ at high temperatures during
the VFSW process, leading to a higher microhardness value
compared to the HAZ.

Kalinenko et al. (Ref 8) conducted an experiment to explore
the consequences of temperature during FSW, the microstruc-
ture of aluminium-alloy 6061 joints created by FSW, and their
ability to withstand high temperatures. They used a finite-
element modelling (FEM) approach to understand the
microstructural data and quantified the temperature distribu-
tions generated during FSW. The researchers found that the
microstructure in the stir zone was susceptible to abnormal
grain growth after heat treatment, which occurred rapidly when
heating after welding from room temperature to solution
temperature. Humphrey’s cellular-growth model described the
annealing behaviour in all welded conditions. In situations with
low heat input, the final grain size was small due to competition
between normal grain growth and abnormal grain growth,
which was caused by a combination of a fine-grain microstruc-
ture and a low volume fraction of second-phase particles.
Conversely, high-heat input conditions produced a relatively
coarse grain structure and a high-volume fraction of particles in
the stir zone, providing microstructural stability.

Choi et al. (Ref 9) examined how linear friction welding
(LFW) can strengthen AA7075-T6 alloy joints. They used
LFW to join two pieces of AA7075-T6 alloy and conducted
experiments to study the microstructure and mechanical
properties of the welded joint. They found that the LFW
process caused dynamic recrystallization and resulted in a
refined microstructure with improved mechanical properties.
The authors identified that the strengthening mechanism of the
joint was due to the creation of nanoscale strengthening
precipitates, such as MgZn2 and Mg2Si, during the welding
process (Ref 10, 11). In contrast, Tavassolimanesh and Alavi
Nia (Ref 12) proposed a novel method for manufacturing
bimetallic tubes using the FSW process, where they created bi-
tubes from aluminium and copper alloy. They discovered that
as the rotational speed increased, the joint strength decreased,
and one of the significant issues after welding is the creation of
residual stress in construction. The welding process produces
both mechanical and thermal residual stresses in the joint and
its surroundings, which depend on the yield strength of the
parent metal and the local temperature. It becomes crucial to
study and calculate the residual stresses on the mechanical
performances of welded sensitive structures, such as pressure
vessels. Sometimes, when there are residual stresses, they can
cause notable changes in the shape of an object through plastic
deformation, resulting in warping and distortion (Ref 13).

Several techniques have been utilised to calculate the
residual stresses, including slitting (Ref 14, 15), contour (Ref
16, 17), and hole drilling technique (Ref 18, 19). Marek et al.
(Ref 20) and Hamilton et al. (Ref 21) described how the
longitudinal residual stress distribution of an improved cast Al-
alloy, AlSi9Mg, was affected by different parameters used in
friction stir processing (FSP). They obtained residual stress
through the material flow model in FSPed AlMg9Si by taking
the material flow behaviour into consideration during welding

(Ref 21). Furthermore, they examined the impact of FSP
constraints on residual stress in an improved cast Al-alloy,
AlSi9Mg (Ref 22), and studied the influence of modified FSP
on residual stress in the same alloy (Ref 23). Their findings
suggest that an increase in tool rotational speed leads to an
increase in residual stress. Additionally, compared to the
retreating side, residual stresses are greater on the advancing
side. Moreover, Alinaghian et al. (Ref 24) explored the use of
ultrasonic vibrations to measure residual stress in aluminium
AA6061-T6 after FSW. Using high-frequency vibrations can
suppress the residual stress up to 45% and also enhance the
weld strength. They also found that using ultrasonically assisted
FSW (UAFSW) can reduce welding forces compared to
conventional FSW.

Donne et al. (Ref 25) utilised x-ray, neutron diffraction, and
synchrotron methods to evaluate the residual stresses and found
a better outcome in all three cases. Transverse stresses were
lower than longitudinal stresses, and residual stress distribution
was analogous on both lower and upper weldment surfaces.
The residual stress value obtained was 20-50% of the yield
strength of the parent material, depending on the linear and
rotational speeds and tool pin diameter. Ma et al. (Ref 26)
utilised the FSW on an AA2024 to investigate the remaining
stresses present in the material during mechanical drawing.
They were able to effectively diminish these stresses in the
weld region. The key to achieving a successful weld was the
management of various process parameters, such as linear
speed, rotational speed, tool shape, and penetration. As far as
the author’s knowledge goes, there is no clear report on the
microstructural, mechanical, and XRD-based residual stress
distribution of AA6061-T6 subjected to friction stir welding.
Therefore, in this research work, the dispersion of residual
stress and mechanical properties of an AA6061-T6 alloy joint
through FSW were investigated, with a focus on three different
rotational speeds at constant welding speeds.

2. Experimental Method

The aluminium AA6061-T6 plate of dimension
120 9 60 9 4 mm is used to carry out the experiment. The
representation of the FSW procedure and tool dimension is
shown in Fig. 1(a) and (b). The chemical composition of the
plate material is mentioned in Table 1. Before performing the
experiment, plate surfaces were properly cleaned with a
microbrush and then with acetone. An H13 tool steel is used
for an FSW taper cylindrical threaded tool with a shoulder
diameter of 18 mm and a pin length of 3.8 mm. The
metallographic and other mechanical testing samples were cut
using a CNC wire EDM (model Elektra, Maxicut 523). The
metallographic samples were polished with emery sandpaper
and then, etched with Keller’s reagent to obtain the microstruc-
tural characteristics of the joints. The microstructures were seen
through an optical microscope (model Leica DMI500M) and
scanning electron microscopy (SEM) (model Zeiss Supra 40)
built into the EDX system. X-ray diffraction (XRD) was used to
analyse the microstructure and phases. The microhardness
values were taken transverse to the welding direction of joints
in a 1 mm space with a 100 g loading force and a dwell time of
10 s. Tensile tests and 3-point bending tests were done with the
help of a UTM (Model: Instron, 8862) with 1 mm/min of
crosshead speed. Both face bends and root bends were tested to
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identify the flexural strength and mode of failure. The XRD-
based residual stress distribution of AA6061-T6 subjected to
FSW was calculated both in the longitudinal and transverse
directions. Fracture analysis of tensile fracture samples was
performed with the help of FE-SEM. There were three different
sets of rotational speeds, and a constant transverse speed was
taken, as shown in Table 2, where the revolutionary pitch is the
ratio of rotational to transverse speed. In all cases, the tilt angle
was kept at 2� forward and the plunge depth at 0.1 mm.
Revolutionary pitch is the ratio of traverse speed to rotational
speed (mm/rev).

3. Results and Discussion

3.1 Microstructure Analysis

The weld appearance of the joint surface at all three sets of
parameters is shown in Fig. 2(a). For samples W-A1 and W-A3,
a lot of weld flash is seen due to inadequate heat input.
Whereas, for sample W-A1, no flashes are seen. Figure 2(b)
shows the macrostructure of the FSW joint, identifying the SZ,
TMAZ, and HAZ. EDS mapping of base metal (AA6061-T6) is
shown in Fig. 3. Magnesium and silicon are the two major

Fig. 2 (a) Weld appearance and (b) macrostructure of welded part showing SZ, TMAZ, and HAZ

Table 2 Types of samples and process parameters

Sample Plunge depth/Tilt angle Traverse speed, mm/min Rotational speed, rpm Revolutionary Pitch, mm/rev

W-A1 0.1/2� 50 600 0.083
W-A2 800 0.063
W-A3 1000 0.050

Table 1 Chemical composition of AA6061-T6 alloy, wt.%

Al Mg Si Ti Cr Mn Fe Cu Zn

Bal. 0.976 0.563 0.01885 0.1101 0.08 0.528 0.48 0.111

Fig. 1 Representation of (a) FSW process and (b) FSW tool
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alloying elements present and play an important role in bonding
during welding. To validate the above statements, XRD
analysis of the weld has been accomplished. Figure 4(a), (b),
and (c) confirms that a huge fraction of intermetallic com-
pounds (IMCs) such as Mg2Si, MgZn2, MgCu2, and Al2-
CuMg formation takes place. The high-magnification optical
images of all sets of welded samples have been shown in Fig. 5,
6 and 7. Three distinct zones were displayed individually, i.e.
HAZ, TMAZ, and SZ, in each case. No volumetric defects were
found in any of the weld samples. As the heat input increases
by increasing the rotational speed, grain size distribution is
severely affected, as shown in Fig. 8(a), (b), and (c). During
low-heat input (W-A1), very coarse grains with an average
grain size of 76.94 lm were seen (as referred to in Fig. 8a).
Whereas, in the case of W-A2, an average grain size of 0.83 lm
was observed due to the proper material mixing and adequate
heat generation in this case (as referred to in Fig. 8b). Very high
and very low heat input leads to improper material intermixing,
reducing the strength of the joint (Ref 27). Fine grain was
observed in the TMAZ section of the weld compared to SZ in
the case of W-A1, whilst elongated grains were observed in
HAZ, as shown in Fig. 5(a), (b), and (c).

The unusual grain evolution was attributed to the grain
refinement on the top and bottom surfaces of the weldment. The
effect of grain refinement is noticeable at the weld surface;
therefore, the weakest zone was generated beside grain growth.
The microstructural stability in the remaining weld zone leads
to abnormal coarse grain growth (Ref 28, 29). Any increment in
rotational speed, i.e. sample W-A3, increases the heat input,
and due to this, the material flow and stirring action over the
weldment are reduced, causing coarser grains (average grain

size 36.82 lm) compared to the W-A2 case and hence, the joint
strength (Ref 30).

During welding, a very complex and irregular grain growth
behaviour is seen, and it is very tough to plot the exact
behaviour and reason of the phenomenon. Whereas, with the
help of Humphreys�s cellular model, this occurrence has been
tried to explain. Such complex occurrences can be seen for
high-stacking-fault energy materials like aluminium alloys (Ref
31, 32). The annealing single-phase alloy behaviour is directed
by the high-angle boundary (HAB) fraction and its distribution
throughout the weldment (Ref 31). Whereas the material holds
second-phase particles (i.e. AA6061-T6 alloys), the nature of
grain growth is moreover affected by the material�s� pinning
effect, which may be measured by the so-called Z parameter,
Z = 3Fv R/d, where �Fv� is the material�s volume fraction, �R� is
the average grain size, and ‘‘d’’ is the average size (Ref 32).
The fundamental properties of microstructure should be
measured within the micrograph. This method can effectively
be useful for the uncharacteristic grain growth taking place in
FSW, as validated by Hassan et al. (Ref 33).

In the HAZ region, the size of the grain was nearly the same
as the base metal grain. These explanations are renowned for
the FSW of Al-alloys and are usually ascribed to a distinct rate
of recrystallization. The entire documentation can be described
with reference to the material flow behaviour prompted by the
FSW tool shoulder. It has been described that the moving tool
entangles the base metal surface during the welding process and
accumulates near the tool pin (Ref 34). The strain rate refers to
the change in strain of a material over time. When the strain rate
is extremely low, the material’s deformation can be viewed as a
series of steps, with the material remaining in static equilib-

Fig. 3 EDS mapping of base metal (AA6061-T6)
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rium. In such cases, the process can be regarded as quasi-static,
and it can be analysed using the mechanics of materials
approach. However, when the strain rate is high, the internal
stresses within the material propagate as waves and do not
instantaneously transmit throughout the entire material (Ref
35). In FSW, weld grain size and its effect on mechanical
properties are mainly dependent on heat input during the
process. Heat input varies with rotational speed and, hence, the
deformation of the material. In the first case (i.e. W-A1,
600 rpm), heat input is lower at a lower rotational speed, and
hence the stirring action is also moderate, and due to this, grain
size is coarser (refer to Fig. 8a). Whereas, at higher rotational
speed conditions (i.e. W-A3, 1000 rpm), heat input is extremely
high, and due to this material sticking, a high-heat gradient
takes place, resulting in coarser grain (refer to Fig. 8c).
Considering a moderate heat input case (i.e. W-A2, 800 rpm),
adequate heat generation and optimum stirring occur, resulting
in fine-grain size (refer to Fig. 8b). The heat generation during
FSW is mainly from the friction between the tool and the stirred

material, and the heat input during FSW can be calculated using
Eq 1 (Ref 36-38).

q ¼ 4

3
P2lpxR3 ðEq 1Þ

where q is the heat input, p is the pressure, l is the friction
coefficient, R is the radius of the shoulder. And x is the rotation
speed. If the traverse speed is also considered, Eq 2 is obtained.

Q ¼ 4

3
P2lpxR3 ax

t
ðEq 2Þ

where Q is the heat input per unit length, a is the heat input
efficiency, and v is the traverse speed.

3.2 Mechanical Properties

3.2.1 Tensile Test. Tensile stress vs. tensile strain and true
stress vs. true strain graphs are shown in Fig. 9(a) and (b),
respectively. The mechanical properties were found to have

Fig. 4 X-ray diffraction (XRD) of welded samples (a) W-A1, (b) W-A2, and (c) W-A3
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decreased as a result of the tensile test. The maximum tensile
stress for W-A1, W-A2, and W-A3 is 171, 198, and 180 MPa,
respectively. A maximum joint efficiency of 84.25% was
attained for sample W-A2, whereas a minimum of 72.77% is
for sample W-A1, at a lower rotational speed (i.e. at 600 rpm).
It has been analysed from Fig. 9 that, with a rise in rotational
speed from 600 to 1000 rpm, by keeping welding speed
constant, the tensile stress value steadily increased, but at
higher speed (i.e. higher heat generation condition), the tensile
stress is lower than the moderate heat generation condition, i.e.
800 rpm (W-A2). Proper material mixing and grain refinement
are the main causes of increasing tensile strength (Ref 39, 40).
When the revolutionary pitch is higher (i.e. 0.083 and
0.063 mm/rev), the tensile strength is lower, but it increases
as the revolutionary pitch decreases (i.e. 0.05 mm/rev). The
maximum tensile strength is obtained at the lowest revolution-
ary pitch of 0.05 mm/rev. These results indicate that a softening
effect has occurred in the AA6061-T6 due to FSW, just as it did
in the other heat-treatable Al-alloys. The softened levels or
weld strength of the joints are significantly affected by the

process parameters. The optimum process parameters can be
determined from the relationship between the weld properties
and the process parameters (Ref 36, 37, 41-43). Too high and
too low heat inputs deteriorate the weld strength due to
improper material mixing and the high possibility of IMC
formation, respectively. At 800 rpm, which is a moderate heat
input case as compared to the other two cases, therefore, proper
material mixing took place and hence, the strength.

The decrease in mechanical properties during the FSW is
caused by the precipitate�s dissolution in the metal matrix. This
leads to a weakening of the material. After examining various
regions of the material following the FSW process, it was
discovered that different regions exhibit different stress
behaviours. The HAZ region had the least strength due to the
precipitate�s dissolution and the lack of imminent grain growth.
When the plastic strain reaches the point of failure in the HAZ,
the nugget area has a strain rate of only 2.3%, resulting in
failure occurring in the HAZ (Ref 44, 45). The figure clearly
illustrates that the tensile properties of every joint exhibit a
lower value compared to the base material. Especially, the
elongation of the joint is far lower than that of the base material,

Fig. 5 Optical microstructure of welded sample W-A1: (a) HAZ, (b) SZ, and (c) TMAZ
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and its maximum is merely 2%. Intermetallic formation during
welding is the main cause of high strength but lower docility in
all three cases, especially for W-A2.

3.2.2 Three-Point Bend Test. In the next step, the three-
point bending test has been done. At least two FSW samples
were tested for both root bend and face bend. The welded
structure had very few surface cracks and noticeable changes in
shape due to plastic deformation, as observed through a face-
bend test. When the sample experiences compressive stress, the
bottommost surface is hard to develop micro-stress concentra-
tion, as the AA6061-T6 comes in the face-centred cubic (FCC)
family and has a greater number of slip systems and better
compatibility of material deformation, and the weld surface did
not show any cracks during the bend test (Ref 46, 47).
Intermetallic compounds consist of two or more metallic
elements. However, unlike typical metals, they exhibit a unique
combination of bonding that encompasses metallic, covalent,
and ionic characteristics. This distinctive bonding arrangement
grants them several advantageous properties, such as reduced

weight, enhanced strength, increased rigidity, and superior
resistance to corrosion, especially under elevated temperatures.
Nonetheless, their practical applications are restricted due to
their inherent brittleness at room temperature (RT). This
brittleness poses challenges in the fabrication process and
renders them susceptible to fractures (Ref 48). Bending stress is
calculated by Eq 3.

r ¼ Mc

I
ðEq 3Þ

�M� denotes bending moment, which is obtained by multi-
plying the given force with the given distance between that
point of interest and the force, �c� denotes distance from natural
axis (NA) (Fig. 10) and �I� represents moment of inertia.

The root-bend stress of samples W-A1, W-A2, and W-A3 is
340, 380, and 360 MPa, respectively, as shown in Fig. 11(a),
(b), and (c). Whereas, in the case of a face bend, the bending
stresses of samples W-A1, W-A2, and W-A3 are 302, 330, and
290 MPa, respectively. In several cases, the rise in strength is

Fig. 6 Optical microstructure of welded sample W-A2: (a) HAZ, (b) SZ, and (c) TMAZ
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accompanied by a decrease in ductility. The fine precipitates
dispersed homogeneously in the SZ prevent the mobility of
dislocations, resulting in a noticeable decrease in ductility.
Compared to the base metal, the ductility has decreased in all
cases except sample W-A3, i.e. higher heat input conditions. In
this case, the ductility of the welding sample touches the base
metal ductility in the root-bend case (as shown in Fig. 11c). In
the case of W-A2, both face and root-bend ductility are the
same, and their strength is also similar, i.e. there is very little
variation. This is an indication that appropriate welding
occurred under moderate heat conditions. Whereas, in the
other two cases, the bend stress (root bend) is much higher than
the face-bend stress. The primary factor is having a consistent
distribution of grains with no voids in the structure. Also, the
formation of clusters of two different precipitate phases that
impede the movement of dislocations and the sliding of grain
boundaries during the process. The findings indicate that as the
hardness of a material increases, its flexural strength generally
decreases, which is an acceptable outcome. However, amongst
the various samples tested, those rotated at a speed of 800 rpm
exhibited higher flexural strength than the others, possibly
because this speed led to a maximum hardness of approxi-
mately 72 HV. These values suggest that the root side of the

weld was stronger than that of the face-side weld. This could be
caused by the fact that the lower side of the weld was exposed
to restricted downward movement due to the bed backing plate.
The flexural stress values were comparatively higher than the
tensile values, and this was due to the higher temperatures
involved during FSW (Ref 49).

3.2.3 Microhardness. The microhardness of the welded
sample was calculated across the welding line direction. The
microhardness curves for the welded sample and base metal are
characterised in Fig. 12. Based on the findings on the hardness,
it was noted that the reduction in both the retreating and
advancing sides of the alloys was comparable for all the
parameters. The highest microhardness value of 91 HV was
observed for sample W-A3, i.e. high-heat condition. Whilst the
maximum microhardness values of 61 HV and 70 HV were
obtained for samples W-A1 and W-A2, respectively. The key
reason for these microhardness differences is due to the IMC’s
formation. As described in the literature, small precipitates in
AA6061-T6 alloys play a critical role in increasing the
mechanical strength (Ref 50-52).

Microhardness values vary on the advancing and retreating
sides as well. In all cases, microhardness on the advancing side
is higher compared to the retreating side (as shown in Fig. 12).

Fig. 7 Optical microstructure of welded sample W-A3: (a) HAZ, (b) SZ, and (c) TMAZ
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Fig. 9 Tension test of welded samples (a) tensile stress vs. tensile strain curve and (b) true stress vs. true strain curve

Fig. 8 Grain size distribution of samples: (a) W-A1, (b) W-A2, and (c) W-A3
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These results occur because of the existence of more plastic
deformation and strain caused by the tool, resulting in a
significant refining effect (Ref 53, 54). Therefore, it seems that
the majority of heat generation by friction is situated below the
tool shoulder area (i.e. the SZ and TMAZ regions). At
numerous places, an unexpected increase in hardness value
was observed because of IMC particles. By keeping rotational
speed higher, the high-heat input offers suitable conditions for
the development of IMCs and gives them appropriate hardness.

3.2.4 Residual Stress Analysis. Residual stresses refer to
the internal forces that persist within a material after all external
forces have been removed. These forces arise from uneven
deformation caused by various factors like mechanical, thermal,
or microstructural changes, such as in the phase transformation
process. The degree of tensile residual stress present at a
particular point is influenced by the extent of compressive
plastic deformation that took place during the heating process.

Fig. 10 Schematic diagram of 3-point bending

Fig. 11 Flexural strength (root and face bend) variation: (a) W-A1, (b) W-A2, and (c) W-A3
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Regions located further from the weld zone edge will
experience lower temperatures and less compressive stress,
leading to less plastic deformation. Consequently, as you move
away from the weld zone edge, the level of tensile residual
stress will decrease.

The residual stress distribution in samples welded using
different levels of heat input, namely W-A1, W-A2, and W-A3,
is depicted in Fig. 13(a) and (b). The longitudinal residual stress
on the advancing and retreating sides of samples W-A1, W-A2,
and W-A3 is shown in Fig. 13(a), and it has a tensile nature.

The residual stress becomes maximum near the tool edge,
which is tensile in nature, and then becomes minimum and ends
up compressive as it goes away from the weld centre. The
transverse residual stress behaves similarly to the longitudinal
residual stress, but it has a compressive nature in the centreline
of the weld (as shown in Fig. 13b). Moreover, the maximum
residual stress in the transverse direction is quite below the
longitudinal stress.

The residual stress distribution in the transverse and
longitudinal directions is somewhat symmetrical. The highest

Fig. 12 Microhardness of FSW welds with rotational speed

Fig. 13 Residual stress distribution of samples W-A1, W-A2 and W-A3 for (a) longitudinal residual stress, and (b) transverse residual stress
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tensile residual stress is found on the advancing side of the
weld. In addition to this, a significant finding (as depicted in
Fig. 13) is that as the welding heat input increases (by
increasing the rotational speed), the highest tensile residual
stress and the tensile residual stress area size on both sides
(advancing and retreating side) also increase, except for sample
W-A2. For instance, in samples W-A1, W-A2, and W-A3, the
highest tensile residual stresses on the advancing and retreating
sides of the welds are 100, 70, and 110 MPa, respectively.
Additionally, in samples W-A1, W-A2, and W-A3, the tensile
residual stress area size is 60, 50, and 62 mm, respectively (as
shown in Fig. 13a).

It can be observed that the distribution of residual stress on
the advancing and retreating sides of the HAZ region is a
function of the local mechanical characteristics and the varying
inhomogeneous distribution of temperature post- and during the
welding. Particularly, the HAZ, TMAZ, and SZ of the
retreating side with a lesser residual stress distribution (as
shown in Fig. 13a and b) also exhibit lower microhardness
compared to the regions of the advancing side (as shown in
Fig. 12). This is because the moderate heat input on the
retreating side results in lower residual stress buildup compared
to the advancing side. To put it briefly, the significant residual

tensile stress that happens near the weld is caused by an uneven
distribution in the way thermal strain is managed whilst being
heated and cooled.

3.3 Fracture Analysis

To compare the fracture behaviour of FSWed samples, W-
A1, W-A2, and W-A3 were selected for fractography analysis.
Typical SEM fractography of the tensile fracture of AA6061-T6
is shown in Fig. 14, 15 and 16. In the case of the low heat
generation joint (i.e. W-A1, W-A2), the fracture surface had a
dimple appearance characteristic, thus evidencing a ductile
behaviour of failure. Whereas, in the case of the high-heat
generation weld (i.e. W-A3), lesser dimples were noticeable;
moreover, the original elongated contour grains can be
recognised. A ‘‘river pattern’’ of radiating shapes is resulted
by a mechanism known as cleavage and is typical characterised
by a brittle fracture mechanism shown in Fig. 16(b) and (c).
The fracture surface displays dimples, cleavage, and crack
formation near the grain boundaries, which show the presence
of both brittle and ductile natures of the fracture. Ductile
fractures are considered to have enormous plastic deformation
in advance of fracture compared to brittle fractures.

Fig. 14 Microstructure of fracture surface of sample W-A1
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The development of dimples at lower rotational speeds, i.e.
W-A1 and W-A2, was larger and occupied less area as
compared to the dimples formed at higher rotational speeds, i.e.
W-A3 (as shown in Fig. 16a, b, and c), because of better
mechanical mixing of plasticized materials (Ref 37, 41, 46, 55).
It was observed that during the tension test, the sample
undergoes diffuse necking followed by local necking. In all
cases, various dimples were scattered throughout the fracture
surface, showing the ductile nature of the fracture.

4. Conclusions

The effect of linear speed and rotational speed on residual
stress, mechanical properties, and microstructure of similar
FSWed AA6061-T6 is studied by scanning electron microscopy
(SEM), optical microscopy, microhardness, tensile, flexural,
and XRD-based residual stress analysis. The findings can be
expressed concisely in the following manner:

• XRD results revealed that Mg2Si, Mg5Si6, MgZn2,
MgCu2, and Al2CuMg IMCs were formed in various re-

gions, whereas b (Mg2Si) and b¢¢ (Mg5Si6) were found
in Si-rich zones and offered favourable conditions for the
metallurgical tuning and enhanced the mechanical perfor-
mances.

• A defect-free joint was obtained for all cases, and the
maximum tensile strength of 198 MPa was obtained for
sample W-A2 in moderate heat conditions. Proper material
mixing and heat input are key factors in enhancing tensile
strength. The maximum mechanical joint efficiency with
respect to base metal is 84.25%, obtained for sample W-
A2, whereas the minimum is for sample W-A1, i.e.
72.77%. Grain size distribution is least for sample W-A2
due to proper stirring, whereas it is minimum for sample
W-A1 due to inadequate heat input and improper stirring.

• The joint showed significant plastic deformation, and no
surface cracks via the root-face-bend test were obtained
for all sets of parameters. The maximum and minimum
flexural strengths obtained during the root-bend test were
380 and 340 MPa for W-A2 and W-A1, respectively.

• The maximum value of hardness (i.e. 91 Hv) was ob-
served in the HAZ of sample W-A3 on the advancing
side, whereas the maximum microhardness for samples
W-A2 and W-A1 was 70 and 61 Hv, respectively.

Fig. 15 Microstructure of fracture surface of sample W-A2
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• The distribution of residual stress across various zones de-
pends on the local mechanical characteristics and the tem-
perature variations in different weld zones. When the
welding heat input is increased, it leads to an increase in
the maximum tensile residual stress.

• The longitudinal residual stress in the stir zone is predom-
inantly tensile in nature, and moving away from the centre
of the weld, it initially increases until reaching the highest
tensile stress near the tool’s edge. On the other hand, the
transverse residual stress at the weld centre line is com-
pressive in nature. Its maximum value is considerably
lower compared to the longitudinal residual stress.
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