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ABSTRACT

Purpose: The paper aims to produce aluminium welds in the solid state with good specifications 
and the least amount of welding defects by using the friction stir welding method (FSW) and 
different tool pin profiles and welding parameters. The research investigated the mechanical 
characteristics and microstructure of a friction stir welded dissimilar aluminium alloy (2024-T3 
to 7075-0) through thickness produced by varying welding settings and three different FSW tool 
pin shapes.
Design/methodology/approach: The objective is to obtain the welds with the least amount 
of welding defects in the solid state by using the friction stir welding method (FSW), designing 
the tool pin profiles, and changing the rotation speeds. 
Findings: According to tensile strength and micro-hardness tests, tool rotation of 2000 rpm 
and square pin profile were the best compared to other working parameters. The greatest 
hardness and highest tensile strength of FSWed dissimilar aluminium joints have been 144 HV 
and 215 MPa, respectively, when using the square pin profile at a tool rotation speed of 2000 
rpm. The hardness and tensile strength of FSWed dissimilar aluminium alloy joints increase with 
the tool rotation speed. Microstructural observations of the FSWed dissimilar aluminium joints 
using a square pin profile at the tool rotation speed of 2000 rpm exhibited the weld zone's high 
weld quality. Additionally, there were no defects in the weld zone. The fracture surface of the 
FSWed joint indicated a ductile fracture type.
Research limitations/implications: With many regions on either side of the weld with 
varied compositions, microstructures, and characteristics, the resulting welds of dissimilar 
alloys might result in unsatisfactory weld joints.
Practical implications: The weld zone's exceptional weld quality was demonstrated by 
microstructural investigations of the FSWed dissimilar aluminium connections utilising a square 
pin profile at a tool rotation speed of 2000 rpm and feed rate of 20 mm per minute.
Application in aerospace, shipbuilding and marine, railway, construction, electrical industries, 
and land transportation.
Originality/value: The original value of the paper is the production of welds from dissimilar 
aluminium alloy (2024-T3 to 7075-0) with the least amount of welding defects by changing the 
tool pin profiles and tool rotation speeds using the friction stir welding method.
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MATERIALS MANUFACTURING AND PROCESSING

 
 
 
 
 
 
 
 
 
 
 
1. Introduction 

 
In the solid-state joining technique known as "friction 

welding," materials coalesce under compression friction 
force between workpieces moving or rotating around each 
other. It generates heat and results in the plastic 
displacement of the material from the contact surfaces. 
Under normal conditions, welding does not cause flat 
surfaces to melt. In the process, shielding gas, flux, and filler 
metal are unnecessary [1,2]. Compressive forces and friction 
heat are the two fundamental determinants of the friction 
welding principle. While frictional heat is created by 
mechanical energy from the relative movement of the tool 
or work components, compressive pressures are used to 
bond [3]. 

The relative motion of the tool is typically employed in 
friction welding to join thin layers that are challenging to 
fuse using conventional friction welding procedures. The 
two primary friction welding processes, friction stir welding 
(FSW) and friction crush welding (FCW) are determined by 
the relative motion of the tool [4]. The UK's Welding 
Institute (TWI) developed friction stir welding (FSW), a 
solid-state joining method, to fuse aluminium alloys. FSW 
has been successfully applied to plenty of metals and alloys, 
including steel, Cu, Ni, Mg, and Ti alloys, due to the success 
of the technology in the aluminium sector and the speedy 
evolution of high-temperature, robust rotation tools [5]. Cast 
alloys and wrought alloys are the two primary classifications 
of aluminium alloys. The categories are subdivided further 
into heat-treatable and non-heat-treatable varieties [6]. 

When connecting aluminium alloys, fusion state welding 
causes porosity and welding joint cracking in the state of 
dissimilar aluminium alloys, resulting in more problems like 
variation in thermal and mechanical properties having a 
negative impact on the potency of the disparate joints [6,7]. 
Aluminium alloys are desirable in the structural sector 
because of their lightweight, high strength, and corrosion 
resistance [8]. Aluminium and its alloys have broad 
applications, such as automobiles, shipbuilding, and 
aerospace [9]. Copper is a key alloying component in the 
2xxx series alloys. The series can be heat-treated and has 

strong sets with good toughness (at room and high 
temperatures). The series is often painted or covered in such 
exposures because they are not resistant to weather 
corrosion. Due to their excellent strength-to-weight ratio, 
this type is used widely in the automotive, aerospace, and 
transportation sectors. The alloy commonly contains 
magnesium to improve strength and natural ageing [10,11]. 

The main alloying component in the 7xxx series alloys is 
zinc. These wrought heat-treatable alloys and the Al-Zn-Mg 
alloys with Cu additions comprise most of the aluminium 
alloys utilised in the construction, automotive, marine, 
aerospace, and military sectors. The alloy system provides 
the finest balance of strength and durability characteristics 
[11,12]. Because the 7xxx series is not weldable, the majority 
of this series is linked with mechanical fasteners [13]. 

The tool's design is critical to the forming of a good-
quality weld. Many researchers have studied the effect of the 
geometry of the tool on the mechanical properties and 
microstructure of the welded joint. A. Scialpi et al. study of 
three shoulder geometries. The tool analysis was performed 
on 1.5 mm thick AA 6082 T6 sheets. The tool was rotated 
during the welding operation at a speed of 1810 rpm and a 
feed rate of 460 mm/min. The quality of the crown and roots 
has been assessed visually. Tools with varying shoulders 
generate crowns with extremely diverse qualities. The TFC 
tool (cavity and fillet) produces a bead with a polished face 
and low flash, which is generated but eliminated as a 
continuous chip during the process. When it comes to crown 
quality, the TFC tool crown is the finest. A thorough optical 
microscope analysis of the resultant microstructure showed 
the impact of shoulder shape on nugget size distribution 
[14]. The friction stir welding of the 2219-T62 aluminium 
alloy was studied by Weifeng Xu et al. using various 
welding tools and traverse and rotational speeds. Due to the 
first tool's three spiral flutes' larger stir and improved plastic 
flow, the particles and grain size were significantly smaller 
and more disseminated. The low-hardness plateau is 
consistent with the geometry of the welding instrument and 
extends beyond the weld line by more than 10 mm. 
Compared to the first tool, the hardness decreases slightly 
when using the second tool. Using the first tool, the ductility 
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and strength increase as the rotating speed decreases from 
500 rpm to 300 rpm or the traversing speed increases from 
(60 to 100) mm/min [15]. 

R. Hariharan et al. studied the impact of FSW parameters 
on the mechanical characteristics of welded joints made of 
different aluminium alloys (Al 6061 & 7075). The tool 
geometry was carefully chosen and manufactured in order to 
provide a virtually flat welded interface (cylindrical and 
tapered) pin profile. For defect-free welded joints, the 
process parameters 2 and 0 were optimised. As a result of 
the substantial deformation that occurs at the nugget zone 
during friction stir welding, it has been found that the joint's 
mechanical properties are significantly impacted by the 
evolving microstructure. For ideal welding conditions, a 
speed of 1250 rpm is preferred [16]. Ranjith et al. show that 
the effects of the tilt angle (2°–4°) on the mechanical 
characteristics and microstructure of the welded junction of 
the dissimilar aluminium alloys AA2014 T651 and AA6063 
T651 were investigated. Tool offset and tool pin diameter  
(5 mm to 7 mm) (0.5 mm towards AS, centre line, and Rs). 
The outcome demonstrates that a 4-degree tilt angle results 
in greater material interlocking [17] on joints welded of 
dissimilar AA6061-T651 and AA7075-T651 alloys; the 
effect of FSW parameters on rotating and welding speeds 
with the pin profiles was evaluated, with AA6061-T651 
plate on the joint interface. It was shown that the connections 
between various materials have higher tensile strengths 
when the heat input decreases. All of the manufactured joints 
cracked during tensile testing on the AA6061-T651 side in 
the heat-affected zone where the microhardness rate is low. 
The joined materials were mixed at a greater spindle speed 
and a lower welding speed [18]. The thickness of the plates 
allows for faster cooling, reducing grain formation in the 
heat-induced HAZ. Hardness was strongest in the base 
material BM and gradually decreased towards the HAZ [19].  

Several research studies [20-23] emphasise the 
importance of optimising tool pin profile, tilt angle, and 
rotational speed in friction stir welding processes to achieve 
high-quality welds with superior mechanical properties. 

Kumar et al. [20] investigated the physical, thermal, and 
mechanical properties of friction stir-welded Al-Cu-Li 
alloys as a function of tool tilt angle. The results revealed 
significant differences in mechanical properties depending 
on tool angle, implying that it is critical in achieving optimal 
weld properties. The effect of different tool tilt angles (TTA) 
on the microstructure and mechanical properties of friction 
stir-welded Al-Cu-Li alloys, which employ five K-type 
thermocouples to measure the temperature distribution 
during welding, is investigated in the paper. A defect-free 
joint is obtained between TTAs of 0° and 2°, and the optimal 
mechanical properties are obtained at a TTA of 2°, with a 

tensile strength of 403.2 MPa and a joint efficiency of 
75.5%. 

Kumar et al. [21] investigated the effect of different tool 
pin profiles on the friction stir welding of 2050-T84 Al-Cu-
Li alloy plates. They concluded that a threaded cylindrical 
pin profile produced superior weld quality and mechanical 
properties due to improved material flow and defect 
formation. In contrast, a flat cylindrical pin profile produced 
superior weld quality and mechanical properties due to 
improved material flow and defect formation. The 
performance of different tool pin profiles (TPP) on friction 
stir welded 2050-T84 Al-Cu-Li alloy plates, which employ 
four TPPs: cylindrical, conical, triangular, and square, is 
investigated in the paper. The triangular TPP produces the 
finest grain size, hardness, and tensile strength among the 
four TPPs and the fracture mode shifts from ductile to brittle 
as the TPP angle increases. 

Kumar et al. [22] used friction stir welding to investigate 
the effect of tool rotational speed on the microstructure and 
mechanical properties of Al-Li alloys. The results showed 
that increasing the rotational speed improves mechanical 
properties due to grain refinement and reduced defect 
density. The paper investigates the effect of tool rotational 
speed (TRS) on the microstructure and the mechanical 
characteristics of an Al-Li alloy welded with FSW. The ideal 
TRS is 1400 rpm, which results in a fine-grained structure 
with high hardness, tensile strength, and elongation. 

Using artificial neural networks, Kumar et al. [23] 
predicted the impact of heat generation on force torque and 
mechanical characteristics in friction stir welding with 
varying tool rotational speeds. Using a three-layer feed-
forward back-propagation ANN model with 10 neurons in 
the hidden layer, The paper reports that with a high 
correlation coefficient and a low mean square error (MSE), 
the ANN model can accurately predict the heat generation 
influence on force torque and mechanical characteristics at 
variable TRS in FSW. 

The goal of this research was to examine the mechanical 
characteristic and microstructure of a friction stir welded 
dissimilar aluminium alloy (2024-T3 to 7075-0) through 
thickness produced by varying welding settings and three 
different FSW tool pin profiles (straight cylindrical, 
triangular, and square). 

 
 

2. Experimental procedure 
 
FSW experiments were carried out on a vertical milling 

machine Figure 1. The tools are in the form of three different 
pin profiles (straight cylindrical, triangular, and square) with 
dimensions as illustrated in Figure 2; they were fabricated 
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from a drilling machine tool by turning and milling machine. 
The friction stir welding tools were made of tool steel type 
X12M before heat treatment to increase hardness.  

 

 
 

Fig. 1. Station for making FSW connections 
 

The toolset is used for welding aluminium (7075-0) and 
aluminium (2024-T3) pleats that are long (120 millimetres), 
wide (60 millimetres), and thick (3 millimetres). Aluminium 
alloys AA2024-T3 and AA7075-0 were chosen for friction 
stir welding due to their wide range of applications in the 

aerospace, automotive, building, and architecture industries. 
The chemical composition of these alloys was determined 
using a spectrometer analysis device from the General 
Company for Examination and Rehabilitation Engineering 
in Baghdad, Iraq. The milling machine attached to this 
toolset has various rotation speeds ‒ Tables 1 and 2 show the 
plates' chemical composition and mechanical properties, 
respectively. A clamping mechanism secured the workpieces 
to the machine table next to each other. The welding was 
completed after many attempts using tool rotational speeds 
of 1000, 1410, and 2000 rpm, a feed rate of 20 mm/min, and 
a tool tilt angle of 2.5º. The aluminium-aluminium plates 
after welding are illustrated in Figure 3. The future scope of 
the work is fatigue tests. 

The link between welding strength and FSW parameters 
was expressed by tensile testing on various FSWed dissimilar 
Al-Al joints. Figure 4 shows a few tensile test samples for 
different Al-Al joints (Sample 1 at tool rotational speed 1000 
and a feed rate of 20 mm/min; Sample 3 at tool rotational 
speed 1410 and a feed rate of 20 mm/min; and Sample 4 at 
tool rotational speed 2000 and a feed rate of 20 mm/min). 

 

 
 
Fig. 2. Tool pin profiles of FSW a - triangular. b - square. c - straight cylindrical.(the shoulder diameter, pin length and rotation 
diameter are 18, 2.9, 3.8 mm respectively, and its same values to all pin profile) 
 
Table 1.  
Chemical composition of aluminium (7075-0) and aluminium (2024-T) 

Material type Al Cr Cu Fe Mg Mn Si Ti Zn other, total 
7075-0 Balance 0.18-0.28 1.2-2 0.5 2.1-9 0.3 0.4 0.2 5.1-6.1 0.15 

2024-T3 Balance 0.1 3.8-4.9 0.5 1.2-1.8 0.3-0.9 0.5 0.15 0.25 0.15 
 
Table 2.  
Mechanical characteristics of aluminium (7075- 0) and aluminium (2024-T3) [20]  

Material type Tensile strength, MPa Yield strength, MPa Elongation, % Hardness HV  
AA 7075-0  Max 276 Max 145 9-10 68 

AA 2024-T3  483 289 18 137 
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Fig. 3. Dissimilar aluminium (7075- 0) to aluminium (2024-
T3) plates after welding 

 

 
 

Fig. 4. Some dissimilar Al-Al tensile test samples 
 

 
 

Fig. 5. ASTM- E8 Sub-Size Sample for Tensile Test, all 
dimensions are in mm [24]  

 
According to ASTM E-8, all tensile test specimens were 

conducted using the universal testing machine type WDW-
200E (Fig. 5. shows the specimen dimensions, the load 
speed employee equals 1 mm/min, and the strain 
measurement method from the chart products from the 
computerised machine after giving specimen dimensions). 

After the weld had been conducted, samples were 
prepared according to analyses that need to be investigated 

in this work, which are fundamentally microhardness and 
microstructure tests. Welded samples were polished by 
polishing papers with a value grade ranging from 150 to 
2000, and then cloth polishing was used. The etching 
process was followed using Keller's Regent (1 ml HF, 1.5 
mp HCL, 2.5 mL HNO3, and 95 mL distilled water). An 
average of three micro-hardness measurements were 
conducted with a 0.9806 N load value at different weld joint 
zones with 20 sec dwelling time. A scanning electron 
microscope (SEM) of type (FEI 9922650) and an optical 
microscope of type (Optika-Italy) have both been used to 
analyse the microstructure and the fracture surface. 
 
 
3. Results and discussions 
 

Table 2 summarises the mechanical characteristics of the 
base alloys 2024-T3 and 7075-T3. Figure 6 illustrates how 
tool pin profiles affect the tensile strength of FSW dissimilar 
Al-Al joints at different rotation speeds. As a result of the 
friction stir welding tool penetrating the surface of two 
different aluminium alloy workpieces on the advancing and 
retreating sides, it was observed that the strength properties 
of the welded joints are less than those of the original alloys 
(2024-T3 and 7075-1). Due to several areas on both sides of 
the weld with varying compositions, microstructures, and 
characteristics, the resulting weld of the various alloys could 
result in weak weld joints.  

 

 
 

Fig. 6. Impact of tool pin profiles (cylindrical, triangular, 
and square) on the ultimate strength of FSWed dissimilar 
aluminium (7075- 0) to aluminium (2024-T3)joints at 
various rotation speeds (1000, 1410, 2000) rpm 

 
In FSW, the heat input has a significant role in the 

soundness and in the evaluation of mechanical properties of 
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the weldments, where the input heat affects on all 
mechanical properties [25]. The findings show that, in the 
studied range, an increase in tool rotating speed resulted in 
an increase in tensile strength. In FSW, it is well known that 
increasing tool rotational speed may promote the dissipation 
of heat towards the outside of the joints and decrease the heat 
input necessary for joining. It may lead to a reduction in the 
size and depth of the welded zone (Thermo Mechanical 
Affected Zone TMAZ and Heat Affected Zone HAZ), which 
improves joint effectiveness and tensile strength. As shown 
in Figure 6, the joint efficiency was 77%, and the dissimilar 
welds had a tensile strength of 215 MPa at a tool rotation 
speed of 2000 rpm and a square pin profile. Enhanced tool 
rotation speed increased heat dissipation in the stir zone, 
increasing the pin's stirring effect. However, it may also 
result in fin grins, increasing the material's tensile strength. 
When compared to the other two pin profiles, the joints 
formed with a square pin profile had greater tensile strength. 
It is due to the square pin profile's ability to provide effective 
material swirling and mixing of different plasticised metals 
during welding. Due to variations in material flow and the 
amount of frictional heat produced, tensile strength varies 
with tool rotation speed and pin shapes.    

Figure 6 shows the lowest tensile strength was 145 MPa 
with joint efficiency (53%) at 1000 rpm tool rotation speed 
and cylinder pin profile because increased frictional heat 
decreased tensile strength. The welded joints fabricated 
using a cylinder pin profile and 1000 rpm tool rotation speed 
have lower tensile strength. 

Figures 7, 8, and 9, respectively, demonstrate the 
relationship between hardness and distance along the cross-
sectional area of the FSW joint at different pin profiles and 
rotation speeds of the tool. The hardness of welded Al-Al 
joints is intimately connected to both sides. Figure 7 depicts 
the relationship between distance and hardness along the 
cross-sectional area of an FSW joint for various pin profiles 
and a tool rotation speed of 2000 rpm. The stir zone (SZ) is 
more hard than the thermomechanically affected zone 
(TMAZ) and the heat-affected zone (HAZ). The maximum 
value of hardness was (144 HV) at the square pin profile, 
(120 HV) at the cylinder pin profile and (115 HV) at the 
triangle pin profile, respectively. The square pin profile 
provides superior material stirring quality and allows for 
mixing dissimilar plasticised metals with small grain sizes. 
It has a higher hardness than the other two pin profiles. The 
triangle pin profile has a lower hardness than other pin 
profiles because of the low material stirring quality of the 
pin profile. Figures 8 and 9 depict the relation between 
distance and hardness along the FSWed joint's cross-
sectional area for various pin profiles and tool rotation 
speeds of 1410 rpm and 1000 rpm, respectively. According 

to the Figures, the hardness decreases with the decreasing 
tool rotation speed and changes in pin profiles. In FSW, it is 
well known that increasing tool rotational speed may 
promote heat dissipation towards the outside of the joints 
and decrease the heat input. Also, changing the pin profiles 
may lead to a reduction in the size of the grains and cause 
increased hardness. Figures 10-12 show the differences in 
material hardness as a function of rotational speed for each 
pin shape. 
 

 
 
Fig. 7. Hardness distribution over the cross-sectional area of 
FSW aluminium (7075-0) to aluminium (2024-T3) joints 
with different pin profiles and tool rotation speed of 2000 
rpm, with shoulder diameter of 18 mm 
 

 
 
Fig. 8. Hardness distribution over the cross-sectional area of 
FSW aluminium (7075-0) to aluminium (2024-T3) joints 
with different pin profiles and tool rotation speed of 1410 
rpm, with shoulder diameter of 18 mm 
 

From the results of the tensile strength and micro-
hardness tests of dissimilar Al (7075-0) and Al (2024-T3) 
joints at different tool pin profiles and welding parameters, 
the optimum tensile strength and microhardness were 
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obtained by using square pin profiles at a rotational speed of 
the tool of 2000 rpm and a feed rate of 20 mm/min. Figure 
13 shows the cross-section FSW joint of the optimal 
dissimilar Al-Al joint's macro- and microstructural 
characterisation. The figure shows different zones of grains 
that were formed during FSW. It can be noticed that there 
are three distinct regions: the stir zone (SZ), the 
thermomechanically affected zone (TMAZ), and the heat-
affected zone (HAZ). Because there were no defects in the 
weld zone, which resulted in the total weldability of two 
alloys in the solid state, the welded joints exhibit high 
quality.    

 
 

 
 
Fig. 9. Hardness distribution over the cross-sectional area of 
FSW aluminium (7075- 0) to aluminium (2024-T3) joints 
with different pin profiles and tool rotation speed of 1000 
rpm, with shoulder diameter of 18 mm 
 
 

 
 

Fig. 10. Hardness distribution over the cross-sectional area 
of FSW aluminium (7075- 0) to aluminium (2024-T3) joints 
with different tool rotation speeds and square pin profiles 
with shoulder diameter of 18 mm 

 
 

Fig. 11. Hardness distribution over the cross-sectional area 
of FSW aluminium (7075- 0) to aluminium (2024-T3) joints 
with different tool rotation speeds and cylindrical pin 
profiles with shoulder diameter of 18 mm 

 
 

 
 

Fig. 12. Hardness distribution over the cross-sectional area 
of FSW aluminium (7075- 0) to aluminium (2024-T3) joints 
with different tool rotation speeds and triangle pin profiles 
with shoulder diameter of 18 mm 

 
 

The microstructure of BM in both alloys (7075-0 and 
2024- 3) is depicted in Figures 13-a and g, and it has 
elongated grains distributed randomly concerning the rolling 
direction. Figures 13-b,f show the HAZ microstructure for 
both alloys; the material in this zone has only gone through 
the heat cycle. The TMAZ region for both alloys is depicted 
in Figure 13-c,e. Both alloys are heated and plastically 
deformed during FSW and are characterised by a distorted 
structure caused by the mechanical stirring of the tool. As a 
result, the plastic deformation in TMAZ causes the grains to 
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rotate. The microstructure of the centre SZ is shown in 
Figure 13-d, and it is composed of two zones made up of 
crystallisation fines and equiaxed grains of the alloys 7075 
and 2024 Al. The region that endures the most strain and 
goes through recrystallisation is the SZ. The good micro-
structure is produced by the dynamic recrystallisation of fine 
equiaxed grain structure caused by low frictional heat and 
the more extreme plastic deformation that occurs throughout 
welding in the SZ. All these reasons point back to increasing 
the tool rotation speed and using square pin profiles. 

Figure 14 shows scanning electron microscopy (SEM) of 
the fracture surface of a tensile-tested dissimilar Al-Al joint 

to the specimens produced by utilising a square pin profile 
at a feed rate of 20 mm per minute and a tool rotation speed 
of 2000 rpm, starting the crack and the fracture obtain  
in the heat affected zone (HAZ). Small dimples and voids 
were detected in some parts of the fracture zone of 
aluminium. Small dimple zones have been mentioned as the 
final crack-growing regions in the fracture zone due to their 
coarsest surface with tearing ridge features. Each dimple, 
mostly on fracture surfaces, represents a void. The void 
nucleation is related to inclusions inside aluminium; the 
ductile fracture mechanism is void nucleation, growth and 
coalescence [26].  

 
 

 
 
Fig. 13. Macro- and microstructure of an FSW dissimilar aluminium (7075- 0) to aluminium (2024-T3) joint on a square pin 
profile specimen at a tool rotation speed of 2000 rpm and a feed rate of 20 mm per minute 
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Fig. 14. Scanning electron microscopy (SEM) images of the fracture surface of a tensile tested dissimilar aluminium (7075-0) 
to aluminium (2024-T3) joint to the specimen by square pin profile at a feed rate of 20 mm/min and a tool rotation speed of 
2000 rpm 

 
 

4. Conclusions 
 

Friction stir welding of 7075-0 and 2024-T3 aluminium 
alloys was performed using various welding tools and 
rotating rates. The joint's microstructural features and 
mechanical characteristics were studied. The following are 
the key results based on the current experimental work and 
theoretical analysis:   
1. According to tensile strength and microhardness tests, 

tool rotation of 2000 rpm and square pin profile were the 
best parameters when compared to other working 
parameters.  

2. The greatest hardness and tensile strength of FSW 
dissimilar aluminium joints have been 144 HV and 215 
MPa, respectively, when using the square pin profile at a 
tool rotation speed of 2000 rpm and a feed rate of 20 mm 
per minute. 

3. The hardness and tensile strength of FSW dissimilar 
aluminium alloy joints increase with the increase in tool 
rotation speed.  

4. Microstructural observations of the FSW dissimilar 
aluminium joints using a square pin profile at a tool 
rotation speed of 2000 rpm and feed rate of 20 mm per 
minute exhibited the weld zone's high weld quality. 
Additionally, there were no defects in the weld zone.   

5. The fracture surface of the FSW joint indicated a ductile 
fracture type.   
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