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ABSTRACT - This study presents the tensile strength and surface roughness resulting from
friction stir welding (FSW) on the lap joint method using AA 6061 —T6. FSW is conducted by
comparing three different tool pin shapes: hexagon, thread, and square. Overlap welding
using the FSW method is challenging if machine parameters, such as spindle speed and feed
rate, are incompatible. The experiment was conducted using a conventional milling machine
with a spindle speed of 1400 -1750 rpm and a feed rate of 20 — 30 mm/min. The results show
that a spindle speed of 1750 rpm and a feed rate of 30 mm/min using a square tool pin results
in 83.5088 MPa ultimate tensile strength and 0.85 um surface roughness (Ra), which is much
better than hexagon and thread type tool pins. In addition, the overall results on all three tool
pin shapes show that higher processing parameters increase tensile strength and surface
roughness. This study revealed the effect of parameters on AA6061 —T6 and the resulting
implications of mechanical strength and surface roughness.

1.0 INTRODUCTION
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Friction stir welding (FSW) is a solid-state welding with the potential for various applications. This process was
invented to weld aluminium alloy-type materials [1,2]. In addition to aluminium alloy, Friction Stir Welding (FSW) can
also weld various types of metals and other materials. FSW is a solid-state welding process that involves friction and
pressure. This process heats the material without reaching its melting point, so it does not fully melt like in conventional
welding. Instead, it involves the high-speed rotation of a stirring tool that stirs the material to create a strong joint. This
is due to its benefits compared with other materials such as copper, magnesium, nickel alloy, and composite [3,4]. FSW
has recently been used for additive manufacturing (AM) applications. During AM using FSW, a downward spinning tool
head creates pressure, which welds materials in each layer. However, the first layer is the most crucial as it is the basis
for the 3D structure formation and is the focus of this study. In the conventional welding process, high temperature is
significantly developed, which causes changes in the metallurgical characteristics and affects the welded joints' strength.
On the contrary, FSW showed significantly minimum deformation driven by mechanical and thermal stresses because
the base metal's melting point is higher than the welding temperature [5,6]. Due to FSW's apparent low processing
temperature, several welding imperfections such as deformation, solidification cracking, blowholes, spatters, and porosity
can be reduced as an advantage to increase weld quality and joint quality [7,8]. In other words, the FSW process is an
efficient method of welding for combining a wide range of metals and alloys that are similar and dissimilar in diverse
fields of application [9,10]. The FSW process can also join aluminium composites, magnesium, fibre-reinforced
polymers, and steels [11] .

In the FSW approach, an inconsumable rotary tool connects the component to be joined. In contrast, the tool geometry
profile acts as a penetrating and mixing effect within connecting regions. Hence, the downforce is transmitted to the tool
into the joint line, resulting in heat generation when frictional heating is adequate to elevate the temperature of the
workpieces. It can plastically deform and locally plasticise. Then, the tool provided the transverse feed for forwarding
movement [12-14]. Nevertheless, due to the producing defect-free welds and increased strength of the weldment, the tool
pin profile (TPP) elements showed a significant effect in thermal developed input throughout the FSW parameter, as well
as the tool transverse speed (TTS), rotational tool speed (TRS) and axial force [14,15] . Therefore, it significantly impacts
the coarsening and dissolving of the precipitated phase. It reveals that the variables are a crucial factor in determining the
properties of FSW joining[16] .

Previous studies have concentrated on exploring the influence of the FSW tool geometry profile and its variables in
evaluating their influence on the morphology, yield strength, surface appearances, and joining quality of aluminium
alloys. At the initial stage, the FSW process uses tool pins with features such as flat tool shoulders and cylindrical pins
[17,18]. Rao et al. [19] found friction stir welding in 1SO: 65032 aluminium alloy to investigate its influence on tool
spindle speed and joining speed. Kundu and Sigh [20] have investigated the effect of spindle speed and feed rate of the
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FSW process on the microstructure of AA 5083 and its effect on the mechanical properties of the join. Venkata et al.[21]
have used two types of tool pins, namely cone and triangle pins, by conducting FSW against AA2019 aerospace and
defense aluminium alloy. His study found that grafts using triangular pins can increase mechanical strength compared to
conical pins. Tool geometry shapes on welded joint yield strength and efficiency identified that tool geometry design
significantly affected the yield strength properties of joints. In contrast, tapered cylindrical tool pin profiles performed
the joints without the presence of weld tunnel and void defect. Das et al. [22] assessed the parameters, including tooling
geometry characteristics, of mechanical and morphology property joints of FSW AA2014. The researchers discovered
that the excellent mechanical morphology of the square tool pin (STP) was an effect of the distinctive stirring phenomenon
induced due to the pulsating motion from the sharp edges of the pin's tool geometry and material propagation phase within
at stirred region upon deployment of the tool rotation and welding speed during FSW process.

Kumar et al. [23] found that the threading tool design provides the highest yield strength and elasticity compared to
the flat cylindrical tool geometry. Furthermore, the threading tool pins had higher welded efficiency than cylindrical tool
pins. The finding also found that the threaded tool geometry joints are more ductile than cylindrical tool profile joints.
Besides that, Ugender [24] analysed the influences of FSW tool geometry with rotating speed along the joining region
using AZ31 magnesium alloy. The study evaluates the impact of process variable mechanical properties. The author
discovered that tool geometry profiles and their rotating speed and joining speed combinations are the most critical
elements influencing mechanical properties. In contrast, Palani et al. [25] found that the most crucial role in generating
high weld tensile strength and more complex joints is a hexagonal pin profile on AA8011 and AA6061-T6 FSW. It
depends on welding speed, rotational speed, plunge depth, and other pin profiles. Waheed et al. [26] investigate the impact
of tool pin profile and process variables on peak temperature in friction stir welding analytically. The results revealed that
the amount of thermal energy generated, and the peak temperature are directly associated with the number of edges in the
pin profiles, with the heat generated and peak temperature increasing from the triangular pin profile to the hexagonal pin
profile. Furthermore, the author concludes that the heat production and peak temperature rate in the flat shoulder are
higher than in the tapered/conical shoulder. Mohanty et al. [27] studied the effect of three different tool geometries with
different shoulder and pin profile types. The study found a significant effect of the tool geometry on weld reinforcement,
microstructure, and weld strength.

Based on literature, tool pin geometry significantly influences the strength of the weldments. Other than that, the effect
of material flow is crucial since the poor selection of process parameters, such as feed rate and spindle speed, causes
insufficient stirring during the joining process. Hence, a suitable combination of process parameters and tool pin profile
can reduce the risk of defect creation. Numerous researchers have attempted to join aluminium alloys using FSW.
However, only a limited study article on the FSW tool pin profile in the lap joint of AA6061 —T6 aluminium alloys can
be discovered. Therefore, this study uses the FSW approach to determine the correlation between tool pin profile and
process parameter by analysing the tensile test, surface roughness, and surface morphological defect of lap joints AA
6061-T6 aluminium alloy.

20 METHODS AND MATERIALS

The selected base material of FSW is AA6061-T6 aluminium alloy plate, known for its medium to high strength with
good toughness, strength, lightweight and virtuous weldability. Besides, this material is excellent in corrosion resistance
in atmospheric conditions, with most applications in the aerospace and automotive industries—the nominal chemical
composition of AA6061-T6 aluminium alloy, as shown in Table 1. Primary sheet materials were cut and machined to 120
mm X 50 mm x 4 mm using a conventional milling machine. The deburring process was performed to remove all sharp
edges using a flat file.

Table 1. The chemical composition (wt.%) of the AA6061 — T6
Chemical Composition
Element Mn Si Fe Zn Ti Cr Mg Cu Al
Wt% 003 061 02 0.02 001 013 081 0.29 Bal

2.1  Tool Fabrication

The essential aspects of consideration during successive FSW processes are tool size, material, and geometry. Other
than that, the tool material itself should be harder, and the higher melting point of the material must be stirred. Hence,
this work selected the tool material from high carbon, high chromium D2 steel due to its excellent wear resistance and
deep hardening characteristics. The raw material is ready-made in a cylinder bar shape of @25mm diameter. The machine
of the tool process consists of a tool pin, tool pin height, and tool shank made using the CNC HAAS brand. Both tool
specifications of square and hexagon were tool pin profile = 9 mm, tool pin height = 3.8 mm, tool shank diameter = 25
mm, and total tool height = 49 mm. In contrast, the tool pin profile has tapper 3° for thread, as shown in Figure 1, used in
this study. A tool pin selection with a square or hexagonal profile that offers a higher pulsating effect and a lower dynamic-
to-static volume ratio contributed to less defect formation.
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Figure 1. FSW tool used in the present study: (a) square tool pin profile, (b) thread and (c) hexagonal

2.2 Experimental Setup

The conventional milling machine of the FULLMARK FVH 260S brand was used for the overlapped joint FSW
process, as shown in Figure 2. The specimens were fixed on a custom fixture to prevent any vibration from occurring due
to friction force during the joining process, especially using an overlap joint method in FSW. An overlapped FSW joint
is a type of welding joint created using the friction stir welding process, where two pieces of material are joined together
by overlapping them and using a specialized tool to create a robust and solid bond between them [28]. The fixture was
clamped rigidly on a milling machine table with a machine vice, as shown in Figure 3. The constant plunge depth tool
pin z —=3.8 mm, 0° tool tilt angle, and 25 mm diameter flat tool shoulder.

AA 6061-T6

Fixture

Figure 2. Conventional milling machine

Tool pin

AA 6061-T6

Figure 3. Fixture clamp during joining FSW

During the experiment, a single-pass stir was carried out with the milling machine's spindle rotated in the clockwise
direction based on the setting of the acquired variable. The 10 s of dwell time was applied after the tool plunged to
AAB6061-T6 to ensure sufficient heat was generated before the tool moved forward along 100 mm. The tool travels along
the welding path at a constant plunge depth during the welding phase. Lastly, the specimens cooled naturally by
atmospheric air. Table 2 shows the values of the FSW parameter.

Table 2. FSW process parameter
Spindle Feed rate  Dwell time

Tooll Tool2 Tool 3

speed (rpm)  (mm/min) (sec)
1400 20
1575 25 10 Square Thread Hexagon
1750 30
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To fabricate the dog bone specimen, the joint AA 6061-T6 was sliced in the direction that was perpendicular to the
weld seam using electrical discharge machining (EDM) wire cut brand Sodick VZ300L. Three transverse tensile test
specimens were extracted from each joined plate according to the ASTM-E8M standard, as shown in Figure 4. Then, the
welded sample of AA6061-T6 was tested for ultimate tensile strength (UTS) using SHIMADZU AG-100kN PLUS. The
position of the welded samples was set perpendicular to the welding direction, and the weld seam was located at the centre
of the dog bone specimen. In addition, surface roughness values, R, were analysed using the Mitutoyo surface roughness
tester (Surftest SJ-410). Surface roughness, R, was measured with a stylus as the roughness test medium along 100 mm
of the welded-length valleys. The R, test was performed three times for one parameter and averaged to obtain accurate
data.

< 100 mm >

< 32 mm » < 36mm >

10 mm

Y

Figure 4. ASTM-E8M standard for tensile test

3.0 RESULTS AND DISCUSSION

Table 3 shows the results of the tensile strength and surface roughness. The results show the effect of various tool pin
profiles used, and each of them affects tensile strength and surface roughness. The shape of the pin profile plays an
important role and is one of the parameters process in FSW that can influence the material flow and joint efficiency [29].

Table 3. The data result of the tensile strength and surface roughness

Tool Pin Spindle Feed Rate  Average Tensile Surface
Profile Speed (rpm)  (mm/min)  Strength (MPa)  roughness (Ra)

No  Specimen

1

1 5 Hexagon 1400 20 56.86 2.85
1

2 5 Hexagon 1575 25 66.18 1.47
1

3 5 Hexagon 1750 30 66.53 1.46
1

4 5 Thread 1400 20 46.12 2.69
1

5 5 Thread 1575 25 57.03 1.64
1

6 9 Thread 1750 30 60.18 2.14
1

7 ) Square 1400 20 70.05 1.25
1

8 ) Square 1575 25 80.58 0.93
1

9 ) Square 1750 30 83.51 0.85

3.1  Tensile Strength

Figure 5 shows the comparative effect between square, thread, and hexagonal tool pin profiles on the overlapped
welded joint area produced at different spindle speeds and feed rates. Tensile strength is an essential properties of a
material to resist tearing due to tension and determines its mechanical performance. Optimising the tensile properties also
leads to excellence in the plastic effect flow process around the tool pins. The graph of spindle speed 1400 rpm, feed rate
20mm/min, and square tool pin profile show a recorded tensile strength of 70.05 MPa compared to thread and hexagonal
pin profiles, which only recorded 46.12 MPa and 56.86 MPa, respectively. These low process parameters have low tensile
strength. They are unsuitable for overlap join because the low spindle speed and feed rate have contributed to the lower
heat input recorded as the main factor in this result. Heat input is a critical factor in FSW because it affects the temperature
of the material during welding. Low spindle speed and feed rate lead to insufficient heat input, affecting the material's
softening and flow behavior [30]. This is especially crucial in overlapped joints where proper softening and mixing of the
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materials are required for a strong bond. In addition, poor material flow during the stirring process is caused by the shape
and size of the tool shoulder, which can influence material flow. An improperly designed tool shoulder might not exert
sufficient pressure to facilitate material deformation and mixing [31]. A mismatch between the shoulder diameter and the
weld joint can hinder material flow. Besides that, the tool's adequate axial force (downward pressure) is necessary to
ensure proper material deformation and flow. Material flow might be compromised if the axial force is too low [32] .
When the spindle speed and feed rate increased from 1400 to 1750 rpm, and the feed rate was used from 20 to 30 mm/min,
the tensile strength increased significantly for all tool pin profiles. The graph shows that tensile strength tremendously
increases through the difference of feed rates 20 and 30 mm/min on the square tool pin profile, which recorded up to
16.12 % of tensile strength from 1400 to 1750 rpm. It was expected because higher spindle speed and feed rate can cause
sufficient heat input during stirring. This increase in tensile strength pattern also applies to threaded and hexagonal tool
pins, showing a significant increase. Therefore, increasing spindle speed and appropriate feed rate will increase strength
significantly [33]. This study revealed that when spindle speed and feed rate increase simultaneously, agitation offers less
frontal resistance due to uniform heat distribution during processing. The increase in spindle speed and feed rate will
directly increase the heat generation, thus causing smooth material flow [34-35]. Due to this process, the softening
material under the tool shoulder caused by the frictional heat after plunging increases the plasticisation of the material,
thus helping the material to mix and stir during the joining process. A low feed rate can cause the production of groove
defects to a very low level [36]. Furthermore, the feed rate is one factor that affects the workpiece's tensile strength in
friction stir welding [37].

Tensile strength

Highest
90 Hexagon Thread Square 83.51 [MPa]
2 e R
E 16.12%
o 70 ] \
E) 60 ] §
I \
o ] N
g 50 §
ﬁ 40§ % \ Lowest
: % 46.12 [MPa]
30 §\

1400 1575 1750 1400 1575 1750 1400 1575 1750

Spindle speed
Figure 5. Spindle speed versus average of tensile strength

Based on this study, the suitable processing parameter for three types of pin profiles is a spindle speed of 1750 rpm at
a feed rate of 30 mm/min. Nevertheless, square tool pin profiles show higher tensile strength than threaded and hexagonal
ones. The square pin profile generates more effective material mixing due to its broader contact area with the workpiece.
This enhanced mixing promotes a more uniform distribution of material properties, resulting in a stronger weld joint. The
square pin's continuous contact with the material also leads to more significant plastic deformation within the weld zone.
This deformation aids in breaking down material barriers and homogenising microstructures, contributing to higher tensile
strength. A greater contact area indirectly promotes improved metallurgical bonding between adjacent material layers.
This intimate bonding reduces the likelihood of interface weaknesses, bolstering the weld's overall strength. These results
indicate that the tool with a higher shoulder angle minimizes the heat passing through the connector area, thereby reducing
the effect of heat supply, as shown in Figure 6. It revealed that pulsating stirring produced a higher sweep volume, thus
increasing the material flow due to the lower shoulder angle, as shown in the illustration in Figure 6. Furthermore, the
increased swept volume resulting from the pulsating motion of the threaded tool pin profile and hexagonal pins, in
comparison to square tool pins, suggests that the material undergoes more significant strain during usage. Higher tension
can improve the mechanical properties in the thermomechanically affected zone [25]. The heat input from the higher
strain of the pulsating action element contributes to more significant deformation and plastic material flowing around the
tool pin profile. It is supported by Ashu et al. [38] that the stirring and mixing motion due to the pulsating action by the
round tool shoulder of the square tool pin profile sweeps the high-viscosity material from the plasticised zone. In
conclusion, the square tool pin profile is suitable for obtaining high tensile strength through higher spindle speed and feed
rate.
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Figure 6. Comparison illustration of material flow by shoulder angle: (a) hexagonal tool pin profile and (b) square tool
pin profile based on clockwise rotation
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3.2 Surface Appearance

Figure 7 shows the surface appearances and defects when processing parameter 6061 —T6 aluminium Alloy at 1750
rpm, 30mm/min feed rate. FSW generally produces a smooth surface finish along the weld line. This is due to the process's
solid-state nature, which avoids forming a molten weld pool that can result in surface irregularities, as shown in Figure
7. The tool pin is in asymmetrical geometries that lead to material flow [39]. There is an effect from the simultaneous
motion of material flow and an effect from the geometrical asymmetry of the tool pin rotation and tool shoulder,
respectively. Observing proper material flow formation during FSW is a meaningful indicator that the processing
parameters are appropriate, leading to smooth and efficient material flow within the weld. Material flow is a critical aspect
of FSW as it directly influences the quality and integrity of the resulting weld joint. Proper material flow formation
indicates that the heat input from the FSW tool is sufficient. Adequate heat input ensures that the material becomes
sufficiently softened, allowing for plastic deformation and proper mixing of the material between the plates being joined
[40].

Material flow
formation

. nculiiin o woecamy—:

rate: (a) squared tool

Figure 7. Surface appearances and defects when proéess pafarﬁeter at 1750 rpm, 30mm/min feed
pin profile, (b) thread tool pin and (c) hexagonal tool pin profile

However, this study found tunnel defect formation inside the cavity close when cut in the middle of the thread tool
pin specimen, as shown in Figure 8, by using 1400 rpm and 20 mm/min. Tunneling refers to a specific defect where a
void or cavity is formed below the weld surface. The shape and geometry of the FSW tool, especially the pin profile, can
affect the material flow and cause tunneling. In this study, threading tool pins produce uneven material movement and
lead to tunnel defects. The tunnel defect is due to the low spindle speed effect, which produces insufficient heat generation
that restricts material flow, which allows improper plasticisation mixing of the material due to unsuitable feed rate and
improper tool pin profile [41]. Feed rate is one of the main factors to ensure the material has enough heating input
generated from the friction motion due to softening the material under and surrounding the tool pin profile. Hence, a
combination of a slower feed rate at constant spindle speed will increase frictional heating input during the joining process.
In other words, the lower feed rate during the joining process is better to ensure sufficient heat generated than the fast
feed rates [42] . It is supported by Kah et al. [43] that the reduced feed rate speed will improve material flow ability.
Optimising the machining parameters is essential to eliminate tunneling defects due to heat losses during the joining of
the overlap process.

Tunnel
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In addition, the other cause of the tunneling defect comes from an improper tool pin profile [44] . This may be due to
the lower pulsating stirring action from the hexagonal tool pin profile than the square tool pin, as depicted in Figure 7. It
is found that the lower stirring due to less shear stress around the hexagonal tool pin profile is the main reason for lower
plastic deformation. The study by Hussain et al. [45] indicates that lower stirring action in FSW leads to decreased
frictional heat generation and inadequate material mixing. Consequently, a higher stirring action facilitated by a flat-
surfaced tool pin profile is crucial. This enhanced stirring improves material flow, ensuring even distribution across the
joint area. The continuous supply of deposited and intermixed material results in successful material flow, as demonstrated
in the absence of tunneling defects when using the square tool pin profile (see Figure 8(a)). Terra et al. [46] also
corroborate that using a square tool pin profile prevents defects due to its polygonal shape. The flat face of the square
profile contributes to this phenomenon [47]. Adopting the square tool pin profile enhances stirring action, material mixing,
and consistent material flow, thereby reducing defects and promoting successful FSW outcomes.

3.3 Surface Roughness

The surface roughness value is considered one of the most critical parameters because of the reliability of the surface
of the part being joined before evaluating the profile of the joint in more detail. From another perspective, surface
roughness is significant because most graft failures start at the surface, either due to surface quality degradation or
discontinuity [48-50]. Therefore, the minimum surface roughness is one of the essential criteria to improve and extend
the service life of the overlapped join for AA6061-T6. The main roughness parameter used in this study is the arithmetic
mean roughness height, R, which describes the contour height characteristics of the texture. Figure 9 shows that the most
consistent and significantly reduced Ra is from square and hexagonal tool pin profiles. The thread profile has a significant
rate of fluctuation due to the tapered pin profile of this thread producing a slightly larger stir zone width at the root of the
weld [50]. Therefore, the correct process parameters and selecting the appropriate tool pin profile are essential to ensure
optimal surface roughness [51]. Furthermore, the fluctuating surface roughness, Ra observed because of the taper tool's
tip can be attributed to the dynamic interaction of the heating zone area during the joining process. This phenomenon
arises because the tool used has a tapered shape (thread tool pin) with a gradually changing geometry along its length
[52]. This study refers to the end portion of this tapered tool that comes into contact with the workpiece during welding.
During FSW, the heat generated by the rotating tool's friction and pressure softens the material in a localized region
known as the heating or thermo-mechanical affected zone [53,54]. The statement suggests that the interaction between
the heated zone and the tool's taper tip leads to changes in surface roughness. Besides, irregularities or texture on a
material's surface. Fluctuating R, indicates that the surface is not consistently smooth but experiences roughness
variations.

Surface roughness
Hexagon Thread Square
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Figure 9. Spindle speed versus average of surface roughness

40 CONCLUSION

In the present work, AA6061 —T6 aluminium alloy was welded by FSW to investigate the effect of various variables
and tool geometry profiles on the yield strength, surface appearances and surface roughness of the joining part. Derived
on the result obtained in this investigation, conclusions that can be made are as follows:

1)  The higher spindle speed of 1750 rpm and 30 mm/min feed rate on all three types of tool pins dominate the best
results compared to other processing parameters.

2) The higher heat generated under the tool shoulder and joint area influences the tensile strength.

jmes.ump.edu.my 9582



3)
4)
5)

5.0
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Insufficient heat generation leads to tunnel defects in the overlap joint.
The lower pulsating stirring action results in poor material homogeneity under the tool pin shoulder.

When a square tool pin is used, it is found that the surface roughness decreases as the revolutionary pitch decreases
compared to other tool pin shapes.

ACKNOWLEDGEMENTS

The authors would like to thank grant Tier 1 Q169, Universiti Tun Hussien Onn Malaysia (UTHM), Industrial
Machining Focus Group (IM Tech) and Faculty of Technical and VVocational Education (FPTV) for the research facilities
provided during the project.

6.0
[1]

[2]
[3]
[4]
[5]
[6]

[7]

[8]
9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

REFERENCES

M. Ilangovan, S. R. Boopathy, and V. Balasubramanian, “Effect of tool pin profile on microstructure and tensile
properties of friction stir welded dissimilar AA 6061-AA 5086 aluminium alloy joints,” Defence Technology, vol.
11, no. 2, pp. 174-184, 2015.

W. M. Thomas, K. 1. Johnson, and C. S. Wiesner, “Friction stir welding-recent developments in tool and process
technologies,” Advanced Engineering Materials, vol. 5, no. 7, pp. 485-490, 2003.

K. Singh, G. Singh, and H. Singh, “Review on friction stir welding of magnesium alloys,” Journal of Magnesium
and Alloys, vol. 6, no. 4, pp. 399-416, 2018.

O. S. Salih, H. Ou, W. Sun, and D. G. McCartney, “A review of friction stir welding of aluminium matrix
composites,” Materials & Design, vol. 86, pp. 61-71, 2015.

K. N. Uday, K. Senthilraj, and G. Rajamurugan, “Exfoliation corrosion susceptibility on friction stir welded
aluminium 6061/Cr203composite,” Engineering Research Express, vol. 4, no. 2, 2022.

G. S. V Seshu Kumar, “Optimization of FSW process parameters for welding dissimilar 6061 and 7075 Al alloys
using Taguchi design approach,” International Journal of Nonlinear Analysis and Applications, vol. 13, no. 1, pp.
2008-6822, 2022.

R. S. Shekhawat, and V. N. Nadakuduru, “Impact of post weld heat treatment on mechanical and microstructural
properties of underwater friction stir spot welded 6061 aluminium alloy,” Materials Today Proceedings, vol. 56,
pp. 2647-2652, 2022.

K. Kumar and S. V. Kailas, “The role of friction stir welding tool on material flow and weld formation,” Materials
Science and Engineering A, vol. 485, no. 1-2, pp. 367-374, 2008.

J. Metson, ‘“Production of alumina,” in Fundamentals of Aluminium Metallurgy: Production, Processing and
Applications, Woodhead Publishing Ltd. Cambridge, UK, 2010.

H.I. Dawood, K. K. H. Alshemary, A. K. Mohammad, and N. S. Sabeeh, “Microstructure, thermal, and mechanical
properties of friction stir welded 6061 aluminum alloy with 10% SiCp reinforcement,” Egyptian Journal of
Chemistry, vol. 65, no. 4, pp. 19-28, 2022.

N. R. J. Hynes, M. V. Prabhu, P. S. Velu, R. Kumar, R. Tharmaraj, and M. U. Farooq, “An experimental insight
of friction stir welding of dissimilar AA 6061 / Mg AZ 31 B joints,” Proceeding of the Institution of Mechanical
Engineers, Part B: Journal of Engineering Manufacture, vol. 236, pp. 787-797, 2022.

J. Kumar, S. Majumder, A. K. Mondal, and R. K. Verma, “Influence of rotation speed, transverse speed, and pin
length during underwater friction stir welding (UW-FSW) on aluminum AAG6063: A novel criterion for parametric
control,” International Journal of Lightweight Materials and Manufacture, vol. 5, no. 3, pp. 295-305, 2022.

H. I. Dawood, K. S. Mohammed, A. Rahmat, and M. B. Uday, “Effect of small tool pin profiles on microstructures
and mechanical properties of 6061 aluminum alloy by friction stir welding,” Transactions of Nonferrous Metals
Society of China, vol. 25, no. 9, pp. 28562865, 2015.

S. Jayaprakash, “Effect of tool profile influence in dissimilar friction stir welding of aluminium alloys (AA5083
and AA7068),” Advanced in Materials Science and Engineering, vol. 2021, pp. 1-7, 2021.

P. N. Kumar, and K. Jayakumar, “Influence of tool pin profiles in the strength enhancement of friction stir welded
AA5083 and AA5754 alloys Influence of tool pin profiles in the strength enhancement of friction stir welded
AAS5083 and AA5754 alloys,” Mater. Res. Express, vol. 9, no. 3, p. 036505, 2022.

C. Shi, H. Sun, C. Liu, K. Zhu, and Q. Yang, “Effect of water cooling on microstructure and mechanical properties
of friction stir welded dissimilar 2A12 / 6061 aluminum alloys,” Materials Research Express, vol 9, no. 5, p.
056510, 2022.

Y. N. Zhang, X. Cao, S. Larose, and P. Wanjara, “Review of tools for friction stir welding and processing,” The
Canadian Journal of Metallurgy and Materials Science, vol. 51, no. 3, pp. 250-261, 2012.

jmes.ump.edu.my 9583



[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

[28]
[29]

[30]

[31]
[32]
[33]

[34]

[35]

[36]
[37]

[38]

[39]

M. H. Osman et al. | Journal of Mechanical Engineering and Sciences | Vol. 17, Issue 3 (2023)

S. Rathee, S. Maheshwari, A. N. Siddiquee, and M. Srivastava, “Effect of tool plunge depth on reinforcement
particles distribution in surface composite fabrication via friction stir processing,” Defence Technology, vol. 13,
no. 2, pp. 86-91, 2017.

M. S. S. Rao, B. V. R. R. Kumar, and M. M. Hussain, “Experimental study on the effect of welding parameters
and tool pin profiles on the IS: 65032 aluminum alloy FSW joints,” Materials Today Proceedings, vol. 4, no. 2,
pp. 1394-1404, 2017.

J. Kundu and H. Singh, “Friction stir welding process: An investigation of microstructure and mechanical
properties of Al alloy AIMg4.5Mn joint,” Engineering Solid Mechanics, vol. 5, no. 2, pp. 145-154, 2017.

C. Venkata Rao, G. Madhusudhan Reddy, and K. Srinivasa Rao, “Influence of tool pin profile on microstructure
and corrosion behaviour of AA2219 Al-Cu alloy friction stir weld nuggets,” Defence Technology, vol. 11, no. 3,
pp. 197-208, 2015.

J. Das, P. S. Robi, and M. R. Sankar, “Assessment of parameters windows and tool pin profile on mechanical
property and microstructural morphology of FSWed AA2014 joints,” SN Applied Sciences, vol. 2, no. 1, pp. 1-15,
2020.

R. Kumar, H. Kumar, S. Kumar, and J. S. Chohan, “Effects of tool pin profile on the formation of friction stir
processing zone in AA1100 aluminium alloy,” Materials Today Proceedings, vol. 48, pp. 1594-1603, 2021.

S. Ugender, “Influence of tool pin profile and rotational speed on the formation of friction stir welding zone in
AZ31 magnesium alloy,” Journal of Magnesium and Alloys, vol. 6, no. 2, pp. 205-213, 2018.

K. Palani, C. Elanchezhian, B. Vijaya Ramnath, G. B. Bhaskar, and E. Naveen, “Effect of pin profile and rotational
speed on microstructure and tensile strength of dissimilar AA8011, AAQ1-T6 friction stir welded aluminum
alloys,” Materials Today Proceedings, vol. 5, no. 11, pp. 24515-24524, 2018.

M. A. Waheed, L. O. Jaiyesimi, S. O. Ismail, and O. U. Dairo, “Analytical investigations of the effects of tool pin
profile and process parameters on the peak temperature in friction stir welding,” Journal of Applied Computational
Mechanics, vol. 3, no. 2, pp. 114-124, 2017.

H. K. Mohanty, M. M. Mahapatra, P. Kumar, P. Biswas, and N. R. Mandal, “Effect of tool shoulder and pin probe
profiles on friction stirred aluminum welds - a comparative study,” Journal of Marine Science and Application,
vol. 11, no. 2, pp. 200207, 2012.

Q. Qiao, “Effect of overlapping region on double-sided friction stir welded joint of 120 mm ultra-thick SiCp/Al
composite plates,” Materials Science and Engineering A, vol. 782, p. 139238, 2020.

M. R. Rabby, and A. P. Reynolds, “Effect of tool pin thread forms on friction stir weldability of different aluminum
alloys,” Procedia Engineering, vol. 90, pp. 637-642, 2014.

B. Abnar, M. Kazeminezhad, and A. H. Kokabi, “Effects of heat input in friction stir welding on microstructure
and mechanical properties of AA3003-H18 plates,” Transaction of Nonferrous Metals Society of China (English
Ed.), vol. 25, no. 7, pp. 2147-2155, 2015.

F. B. Ferreira, I. Felice, 1. Brito, J. P. Oliveira, and T. Santos, “A review of orbital friction stir welding,” Metals
(Basel)., vol. 13, no. 6, p. 1055, 2023.

Y. Huang, “Friction stir welding/processing of polymers and polymer matrix composites,” Composite Part A:
Applied Science and Manufacturing, vol. 105, pp. 235-257, 2018.

A. Tamadon, A. Baghestani, and M. E. Bajgholi, “Influence of WC-based pin tool profile on microstructure and
mechanical properties of AA1100 FSW welds,” Technologies, vol. 8, no. 2, pp. 1-20, 2020.

A. Laska, M. Szkodo, P. Cavaliere, and A. Perrone, “Influence of the tool rotational speed on physical and
chemical properties of dissimilar friction-stir-welded AA5083/AA6060 joints,” Metals (Basel)., vol. 12, no. 10, p.
1658, 2022.

R. K. Bhushan, and D. Sharma, “Investigation of mechanical properties and surface roughness of friction stir
welded AA6061-T651,” International Journal of Mechanical and Materials Engineering, vol. 15, no. 1, pp. 1-14,
2020.

H. J. Liu, H. Fujii, M. Maeda, and K. Nogi, “Tensile properties and fracture locations of friction-stir-welded joints
of 2017-T351 aluminum alloy,” Journal of Materials Processing Technology, vol. 142, no. 3, pp. 692-696, 2003.

J. S. Leon, and V. Jayakumar, “Effect of tool shoulder and pin cone angles in friction stir welding using non-
circular tool pin,” Journal of Applied and Computational Mechanics, vol. 6, no. 3, pp. 554-563, 2020.

A. Garg, M. Raturi, and A. Bhattacharya, “Metallurgical behavior and variation of vibro-acoustic signal during
preheating assisted friction stir welding between AA6061-T6 and AA7075-T651 alloys,” Transactions of
Nonferrous Metals Society of China, vol. 29, no. 8, pp. 1610-1620, 2019.

H. Su, J. Chen, and C. Wu, “Effect of tool eccentricity on the periodic material flow in friction stir welding
process,” International Journal of Mechanical Sciences, vol. 220, p. 107164, 2022.

jmes.ump.edu.my 9584



[40]

[41]

[42]

[43]

[44]

[45]
[46]
[47]
(48]

[49]

[50]
[51]

[52]

[53]

[54]

M. H. Osman et al. | Journal of Mechanical Engineering and Sciences | Vol. 17, Issue 3 (2023)

N. Dialami, M. Cervera, and M. Chiumenti, “Defect formation and material flow in friction stir welding,”
European Journal of Mechanics - A/Solids, vol. 80, p. 103912, 2020.

W. Hou, Y. Shen, G. Huang, Y. Yan, C. Guo, and J. Li, “Dissimilar friction stir welding of aluminum alloys
adopting a novel dual-pin tool: Microstructure evolution and mechanical properties,” Journal of Manufacturing
Processes, vol. 36, pp. 613-620, 2018.

A. 1. Albannai, “Review the common defects in friction stir welding,” International Journal of Scientific &
Technology Research, vol. 19, no. 11, pp. 318-329, 2020.

P. Kah, R. Rajan, J. Martikainen, and R. Suoranta, “Investigation of weld defects in friction-stir welding and fusion
welding of aluminium alloys,” International Journal of Mechanical and Materials Engineering, vol. 10, no. 1, pp.
1-10, 2015.

M. R. Hajideh, M. Farahani, S. A. D. Alavi, and N. Molla Ramezani, “Investigation on the effects of tool geometry
on the microstructure and the mechanical properties of dissimilar friction stir welded polyethylene and
polypropylene sheets,” Journal of Manufacturing Processes, vol. 26, pp. 269-279, 2017.

M. A. Hussain, N. Z. Khan, A. N. Siddiquee, and Z. A. Khan, “Effect of different tool pin profiles on the joint
quality of friction stir welded AA 6063,” Materials Today Proceedings, vol. 5, no. 2, pp. 41754182, 2018.

C.S. TerraandJ. L. L. Silveira, “Models for FSW forces using a square pin profile tool,” Journal of Manufacturing
Processes, vol. 68, pp. 1395-1404, 2021.

P. Goel, “Investigation on the effect of tool pin profiles on mechanical and microstructural properties of friction
stir butt and scarf welded aluminium alloy 6063,” Metals (Basel)., vol. 8, no. 1, pp. 1-15, 2018.

K. Kimapong and T. Watanabe, “Effect of welding process parameters on mechanical property of FSW lap joint
between aluminum alloy and steel,” Materials Transactions, vol. 46, no. 10, pp. 22112217, 2005.

M. H. Osman, N. F. Tamin, M. N. Ahmad, M. H. Rahman, M. K. Wahid, N. A. Maidin, and A. A. Azahar, “Effect
of cutting parameters on surface roughness in dry drilling of AISI D2 tool steel by using Taguchi method,” Journal
of Advanced Manufacturing Technology, vol. 12, no. 1, pp. 535-546, 2018.

N. F. Tamin, U. A. A. Azlan, M. Hadzley, N. S. Remle, and M. H. Osman, “Study on surface integrity of AISI
1045 carbon steel when machined by carbide cutting tool,” MATEC Web of Conferences, vol. 97, p. 01075, 2017.

A. Belaziz, M. Bouamama, and S. Zahaf, “Experimental study of the influence of the surface roughness on the
friction stir welding of FSW joints,” Materials Proceedings, vol 8, no. 1, p. 9, 2022.

J. S. De Jesus, A. Loureiro, J. M. Costa, and J. M. Ferreira, “Effect of tool geometry on friction stir processing and
fatigue strength of MIG T welds on Al alloys,” Journal of Materials Processing Technology, vol. 214, no. 11, pp.
2450-2460, 2014.

M. A. Mohamed, and Y. H. P. Manurung, “Effect of friction stir welding parameters on fatigue resistance, weld
quality and mechanical properties of Al 6061-T651,” Journal of Mechanical Engineering, vol. 2, no. 1, pp. 83—
99, 2017.

H. Wang, D. He, Y. Wu, and S. Xu, “Real-time welding condition monitoring by roughness information extracted
from surface images,” Measurement, vol. 191, no. 1, p. 110833, 2022.

jmes.ump.edu.my 9585



