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ABSTRACT 

This research investigated the joint ratio among five different types of butt-joint welding that affected the joint 

strength and the formation of defects of the friction stir welding in the SSM 6063 aluminum alloys. The results 

showed that the lowest joint ratio at 1.00 from a simple butt joint provides a good effect on adhesion and can 

prevent the occurrence of defects. From a double butt lap joint, the higher joint ratio at 2.66 tends to make the 

samples difficult to adhere to and induce the formation of multiple defects. In addition, the maximum average 

joint strength of 123.60 MPa was from the joint ratio at 1.00 with no defects and the minimum average joint 

strength of 90.79 MPa was from the joint ratio at 2.66 caused microvoids, incomplete joint penetration, joint line 

remnant, wormhole, and kissing bond defects. In all types of butt joints configuration, the Vickers hardness in 

the friction zone was higher than other areas with average hardness in the friction zone at 51.5 HV0.1 due to new 

recrystallization of the microstructure and heat input during welding. 
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INTRODUCTION 

Semi-Solid Metal casting (SSM) is a process that was first mentioned in the early 1970s [1]. The process is a 

semi-solid statue, and the rising temperature in the casting process is lower than the melting point of the 

material. The process combines the advantages of casting - significantly extends tool life, reduces cycle time in 

casting, the viscous flows into cavities of the die good, low shrinkage porosity, excellent strength, high fatigue 

resistance, and be fully weldable [2]. The present process is used with aluminum, copper, and magnesium [3]. 

This semi-solid casting is typically used for aerospace parts, automotive parts, structural medical parts, and 

pressure-containing parts [4]. The 6063 aluminum alloy is another grade that is manufactured through a semi-

solid casting process for the automotive industry. In 2020, the use of aluminum alloys was steadily increased in 

the automotive material, especially for many components in Electric Vehicle (EV) that was developed into 

various auto parts up to 12 percent [5]. This leads to energy and CO2 emission reduction. The SSM 6063 

aluminum alloy has been used to produce seat frames, truck bed gates, and roof railings for electric vehicles [6].  

Friction Stir Welding (FSW) in solid-state welding is the welding method invented in 1991 from The Welding 

Institute (TWI) [7]. This FSW process is very interesting because there are many advantages, such as excellent 

mechanical properties, no gas shielding, no shrinkage, no filler wire required, long welding ability with low 

distortion, energy saving, good welding in a dissimilar joint, and environmentally friendly [8]. The FSW 

parameters are essential because it offers good mechanical and microstructural properties. However, the defects 

after FSW could occur due to abnormal parameters. Therefore, its rotation speed, travel speed, depth of plug, 

tool geometry, axial force, and joint design are also important for joint strength significantly. For characteristic 

joint of FSW contributing to the change of the tensile strength, Sabry et al. [9] investigated the T-Joint welding 
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from FSW of AA6063-T6 and found that speed of rotation, axial force, and travel speed could affect the tensile 

strength. The study about joint configuration with two distinct scarf angles (SJC) at 75
o
 and 60

o
 compared to 

simple square butt (SSB) joint was found that the joint efficiency increases from 72.5% (SSB) to 86% (SJC) at 

60
o
 scarf angle assessed by Sethi et al. [10]. According to Derazkola et al. [11], T-joint welding from FSW is 

varied by the tool tilt angle parameter that influences the final joint quality of Al-Mg-Si alloy. At the same time, 

Su et al. [12] studied on the T-joint FSW of Ti-4Al-0.005B to improve the strengthening mechanism, which is 

the microstructure of β-transus in stir-zone dynamic recrystallization. The type of joint FSW affected the defect 

formation and material flow; the complex joints configuration often leads to voids, wormholes, flashes, and 

joint-line remnants. The effect on the flow of the material was studied by Dialami et al. [13], and FSW on 

dissimilar lap joints for AA6061-T6 and AA1050 plates discovered defects after welded. According to 2D and 

3D computed tomography analysis, the welded joints revealed the volumes of the defects and shapes [14]. 

Likewise, Ma et al.  [15] investigated the gap-tolerance behavior of 2A14-T6 aluminum alloy on friction stir 

butt welding, which indicated that this could lower gap-free to 0.8 mm without metallurgical defects and gap-

free exceeded 0.8 mm could cause voids and tunnel defects. Ranjan et al. [16] evaluated the misalignment from 

FSW on a butt joint configuration of 6061-T651 aluminum alloy and how it affected fatigues. They found that 

slight misalignment of the 0.5° can establish the secondary stresses for 38 MPa more. It can be seen that joint 

configuration has significantly affected the adhesion, metallurgical formation, fatigue, and defect formation of 

the samples. 

Therefore, the investigation of different joint configuration designs of FSW is challenging and interesting for 

this research. The main concept of this research is to investigate the joint ratio of FSW that affects the 

mechanical properties and microstructure from different characters of the joint design of SSM 6063 aluminum 

alloys. The results obtained from the mechanical properties were statistically analyzed, and the microstructures 

and defects were evaluated by an optical microscope (OM). Then, analysis of the fracture surface of joint 

strength was scanned by a scanning electron microscope (SEM) which will be presented further. 

EXPERIMENTAL 

Materials and methods 

For materials in this experiment, SSM 6063 aluminum alloys sponsored by GISSCO Ltd. (Songkhla, Thailand) 

[17] were produced by the Gas Induces Semi-Solid Technology. The SSM 6063 aluminum alloys mainly 

contain magnesium for 0.45–0.90, silicon for 0.20–0.60, iron for 0.35, and others for 0.15 by %weight 

respectively [18]. The base microstructure was a globular structure; the tensile strength of base materials was at 

137.6 MPa and Vickers hardness property was at 62.4 HV respectively. The samples were prepared in a 

rectangular shape (75x150x6 mm) and were welded in five different joint types, specified in this research. In 

this experiment, the welding tool was manufactured from H13 tool steel. The diameter of the tool shoulder was 

20 mm, and the diameter of the tool pin was 5.2 mm with 4.8 mm long, and this tool pin was a cylindrical 

profile respectively. All parameters in the experiment were the rotation speed at 1320 and 1750 rpm, the 

welding speed at 60 and 90 mm/min, the tilt angle at 3
o
, the depth of the plug at 0.6 mm, and a constant 

traveling speed at 2.7 mm/min, which has been studied from previous research [19]. For the steps of FSW, 

which was adapted and applied from a T-Tech brand, M5 models and the samples were cramped in butt joint 

formation. The control direction of the welding rotation was clockwise. After that, when the tool pin started 

spinning until enough heat was generated, the tool pin was pressed until the tool shoulder contacted the sample 

surface. During this period, the friction behavior between the tool shoulder and the surface of the sample 

generated a large amount of heat input in the friction zone leading to plastic deformation behavior. For the good 

flow of material, the keep holding time for 30 sec was applied. Then, the FSW machine was controlled in the 

specified direction, following by maintaining parameters and 30 sec holding time was applied at the end of the 

samples before pulling the welding tool to complete for FSW steps, presented in Figure 1.  

For FSW, the study of different joint ratios from five different joint designs: simple butt joint, scarf butt joint, 

double butt lap joint, stepped lap butt joint, and groove butt joint is presented in Figure 2. The characters of the 

joint are designed to be suitable for welding under normal conditions for this study. However, the length of the 

seam of the weld will be different in this research which corresponds to the complexity of the joint 

characteristics that show a longer seam of the joint.  
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Figure 1. The schematic view of FSW of SSM 6063 aluminum alloy 

 

Figure 2. Schematic views of the different joint designs: (a) simple butt joint, (b) scarf butt joint, (c) double butt 

lap joint, (d) stepped lap butt joint, and (e) groove butt joint 

This research indicates the ratio of the length of the seam to the thickness of the sample, called the “Joint ratio”. 

The ratio of the joint (r/j) is the ratio between the thickness of the welding samples and the length of the seam 

measured can be calculated from equation 1. This ratio affects the change in joint strength and the occurrence of 

defects. The joint ratio, the length of seam per thickness, is presented in Table 1.  

Joint ratio = Ls/t                                                                                                                                                    (1) 

When Ls is the length of the seam and t is the thickness of the welding materials (when t = 6 mm). The joint 

ratios affect the changes in joint strength and can be used to design regression equations in order to accurately 

predict the joint strength. 

Table 1. The joint ratio in experiments 

Types of joints Length of the seam (mm) Joint ratio 

Simple butt joint  6.00 1.00 

Scarf butt joint  7.81 1.30 

Stepped lap butt joint  11.00 1.83 

Groove butt joint 11.66 1.94 

Double butt lap joint  16.00 2.66 

Taguchi L8 orthogonal array design 
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Minitab R19® program was used to analyze the results at 95 percent confidence. The factors that cause the 

changes in the mechanical properties are tool rotational speed, welding speed, tool geometry, and joint ratio in 

the experiment. These factors were also tested with L8 orthogonal array method in multiple factor levels were 

determined from the preliminary experiments from previous studies. Each factor is repeated in triplicate and the 

experiment design is presented in Table 2. 

Table 2. Design of L8 in the experiment: 8 experimental runs 

Experimental run 
L8-OA (Factor Levels) 

Joint ratio (5) Welding speed (2) Rotation speed (2) 

1 1.00 30 1750 

2 1.30 30 1320 

3 2.66 90 1320 

4 1.00 90 1750 

5 1.83 30 1320 

6 1.94 30 1750 

7 2.66 90 1750 

8 1.94 90 1320 

Mechanical and Metallurgy 

After FSW, the samples were prepared to test the mechanical properties for the joint strength test by following 

the ASTM E8/E8M-09 standard [20] with the Testometric model: M500-25KN from the United Kingdom at 

room temperature and at a head cross speed testing at 1.67x10
2
 mm per min. The bending machine model: 

Lloyd-Ametek EZ5 from the United Kingdom was used for the U-bending test by following ASTM E290-14 

standard [21] at a compressive speed testing at 0.6 mm/min. Matsuzawa model: MMT-X7 from Japan was used 

to test the hardness for Vickers hardness (HV0.1) methods. For microstructure and defect analysis, scanning 

electron microscopy brand FEI-Quanta model 450 from the United States was used for observing the changes of 

the microstructure in friction zone, thermal-mechanical affected zone, and base materials zone. 

RESULTS AND DISCUSSIONS 

Joint Strength Results  

The effect of FSW of SSM 6063 aluminum alloy on the different weld joint types showed a distinct result in 

joint strength. It was found that simple butt joint with joint ratio value at 1.00 for FSW provided the highest 

average joint strength at 123.60 MPa compared to other joint types. On the contrary, for the joint ratio value at 

2.66 on the double butt lap joint, it provided the lowest average joint strength at 90.79 MPa. The reason why the 

double butt lap joint with the joint ratio value at 2.66 was difficult to adhere to is that more air could be inserted 

in the gap between the joints [22], However, it is noteworthy that the higher joint ratio it is, the significant lower 

joint strength it is observed. This can be described from scarf butt joint with the joint ratio value at 1.30, stepped 

lap butt joint with the joint ratio value at 1.83, and groove butt joint with the joint ratio value at 1.94. The 

average joint strengths of these joint ratios were reduced to 110.35, 104.95, and 99.25 MPa respectively. The 

imperfection of the weld joint decreases the joint strength, which the length of the seam per thickness or the 

joint ratio is very crucial to defect formation while the lower joint ratio results in fewer defects and tends to 

provide better joint strength. In accordance with other studies, many researchers also showed that defects in 

friction zone caused by FSW could be formed on many different joint ratio designs, such as crack defects, lack 

of penetration defects, void or cavity defects, tunnel defects, kissing bond defects often hinder the tensile 

properties [23]. Like what we found in this study, the FSW samples found a defect in the friction zone resulting 

in bad fatigue behavior because these welding joint types cannot bear dynamic loads [24], and begin to tear 

apart from the force exerted [25]. The elongation property in the simple butt joint from joint ratio value at 1.00 

was 20.77 mm which was formed as the most complete joint. On the other hand, the imperfection of the joint 

affects bad elongation because the defect in the friction zone will cause a sudden fracture, shown in the samples 

from the double butt lap joint with the joint ratio at 2.66. it can be elongated only up to 4.77 mm. The elongation 

results in all of the experiments were similar and presented in Figure 3. 
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Figure 3. The joint strength of the different joint ratios with FSW for SSM 6063 aluminum alloy 

Taguchi L8 Orthogonal array Results 

The relationship between the joint ratio with the response of joint strength and the elongation as a function of 

rotational speed, welding speed, tool geometry, and ratio of the joint can establish a mathematical model [26]. It 

is expressed as 

Joint strength or Elongation = f (A, B, C, D)                                                                                                        (2) 

Where A is the tool rotational speed (rpm), B is the welding speed (mm/min), C is the tool geometry, and D is 

the joint ratio. The coefficient of joint strength and elongation was analyzed and the results are presented in 

Tables 2 and 3. 

Table 2. The regression results to joint strength analyzed 

Predictor Coef. SE Coef. T P Standard error 

A 0.018 0.0252 0.71 0.515 41.2111 

B 0.324 0.427 0.76 0.490 R
2
 

C 13.1 25.6 0.51 0.631 0.9126 

D − 4.9 12.2 0.40 0.708  

Analysis of variance Source DF SS MS F P 

Source 4 70923.3 17730.8 10.44 0.0001 

Residual error 4 6793.4 1698.4   

Total 8 77716.8    

Table 3. The regression results to elongation analyzed 

Predictor Coef. SE Coef. T P Standard error 

A 0.00302 0.00550 0.55 0.612 8.97112 

B 0.038 0.0929 0.33 0.757 R
2
 

C 1.34 5.57 0.24 0.822 0.9012 

D − 1.05 2.65 -0.40 0.712  

Analysis of variance Source DF SS MS F P 

Source 4 485.341 121.335 1.51 0.0001 

Residual error 4 321.924 80.481   

Total 8 807.265    
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The estimated joint properties by static engineering found that the equations for joint optimization and 

prediction could be presented in 

Joint strength (MPa) = 0.018A + 0.324B + 13.1C − 4.9D                                                                       (3) 

Elongation (mm) = 0.00302A + 0.038B + 1.34C − 1.05D                                                                                  (4)          

Note: A–tool rotational speed (rpm); B–welding speed (mm/min); C– tool geometry; D–joint ratio. 

When considering this regression equation, it can be described that the joint ratio can affect the variance of joint 

strength and elongation. Besides, the joint ratio has a significant reduction in both joint strength and elongation. 

The joint ratio is a negative equation that affects the change of joint strength and elongation. From the validity 

verification of the regression equation, it shows the accuracy and validity of the test factor affecting joint 

strength and the elongation properties.  

Fracture Surface Results  

Figure 4 shows the fracture surface of the joint ratio value at 1.00 from the simple butt joint. The brittle fracture 

occurs when the action of mechanical force is greater than the tensile strength of the material resulting in 

material failure and broken parts. When examining the brittle fracture surface with SEM, it is smooth, shiny, 

small elongation, and perpendicular to the direction of the tension presented in Figure 4(a). However, the defect 

at the beginning will lead to brittle failure including void (Figure 4c), inclusion, crack, and residual stress was 

observed [27]. It can be noted that a very small quantity of defects was observed when the joint ratio value is at 

1.00. When compared with other types of the joint ratio, the void is the only defect that can be examined as 

presented in Figure 4(b and c). It can be noted that the defect causes the material to rapidly lose its mechanical 

properties and lead to material damage. The last area of fracture surface that failed to break is often called 

ʺoverload zoneʺ. In this area, there is a higher rate of crack expansion due to the load being applied to the 

magnitude of the force exerted to cause the final fracture presented in Figure 4(d). 

 

Figure 4. The fracture surface morphologies from the joint ratio at 1.00 after joint strength tested by SEM were 

analyzed. (a) Brittle fracture at 600X magnification (b) Void fracture in friction zone at 600X magnification (c) 

Void fracture in the advancing side at 600X magnification (d) Overload zone fracture at 600X magnification       

(e) Fracture surface areas at 24X magnification 

Figure 5 shows the noticeable fracture surface from the double butt lap joint with the joint ratio value at 2.66. 

The defects were commonly found after weldings, such as microvoids (Figure 5a), tunnel or wormhole (Figure 

5b and 5c), lack of penetration, and joint-line remnant (Figure 5d) respectively. This is the main reason why its 

joint strength is the weakest. The fracture surface in the lack of penetration zone shows a smooth surface. In 

addition to harming the joint strength, it affects poor bending behavior as well [28]. It is noteworthy that the 

AS RS 
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character of the adhesion surface was a ductile fracture, which is elongated and paralleled to the tension. All 

defects that formed in the joint ratio value at 2.66 from FSW of the SSM 6063 aluminum alloy resulted in the 

minimum joint strength, which can be determined from the graph of joint strength. (see Figure 3). 

 

Figure 5. The fracture surface morphologies from the joint ratio at 2.66 after joint strength tested by SEM were 

analyzed. (a) Brittle fracture at 600X magnification (b) Void fracture in the advancing side at 600X 

magnification (c) Void fracture in friction zone at 600X magnification (d) Overload zone fracture at 600X 

magnification (e) Fracture surface areas at 24X magnification 

Bending Results  

The bending results of SSM 6063 aluminum alloy by FSW found that the sample with the joint ratio value at 

1.00 has the ability to withstand the bending loads on the face and root sides. However, for the sample with the 

joint ratio value at 2.66, the sample fracture occurred after the bending test on both sides which is caused by a 

longitudinal crack and lack of penetration in the friction zone. This causes poor reception of bending behavior. It 

can be noted that the samples have fractured in the center of the friction zone. These fractures often start on the 

root side since defects from FSW usually occur under the pin tool due to the thermal energy was difficult to pass 

through this area [29]. Another factor that affects the bending properties of the samples was the accumulation of 

thermal stress on FSW samples in the specimen. This caused brittle and fracture during the bending test [30]. 

The bending test is presented in Table 4. 

Table 4. The results of the face and root bending test of SSM 6063 aluminum alloy by FSW 

Joint ratio  Face bending Root bending Remark 

1.00 Accept Accept Surface smooth 

1.30 Accept Reject Crack in root surface 

1.83 Accept Reject Crack in root surface 

1.94 Accept Reject Lack of penetration in root surface 

2.66 Reject Reject Lack of penetration in root surface 

Note: Accept are non-fracture surfaces, Reject are fracture on the surface 

Hardness Results  

The hardness was examined at a distance at 1.5 mm from the center of the friction zone. In the friction zone, the 

change of microstructure from friction force and thermal energy causes the hardness value to be different from 

the base material [31]. It can be seen that the hardness values of the 5 types of joint ratios are different. The joint 

ratio value at 1.00 shows a better hardness result than other joint ratios. The simple butt joint with the joint ratio 

value at 1.00, which is not a complicated welding procedure, offers optimized thermal exposure while welding. 

AS RS 
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This results in the intermetallic compound phase being formed and recrystallized as Al5FeSi phase. This new 

precipitation of Al5FeSi intermetallic compound phase becomes a smaller particle size which can improve the 

hardness of the sample [32]. The average hardness in the friction zone of the joint ratio value at 1.00 was 51.5 

HV0.1. On the other hand, for the joint ratio value at 1.30, 1.83, 1.94, and 2.66 from scarf butt joint, stepped lap 

butt joint, groove butt joint, and double butt lap joint configuration, the average hardness were 48.3, 46.9, 45.5, 

and 43.5 HV respectively while average hardness was 62.4 HV of base materials. It is noted that these hardness 

values are similar because this research specifies constant parameters for welding speed and rotation speed 

which both parameters directly affect the same amount of thermal energy generated during welding. However, 

for the areas between under the tool shoulder and upper the surface of samples, the high hardness value was 

significantly observed because a higher accumulated thermal energy was generated than the other friction areas. 

Besides, the occurrence of residual stress after welding is another cause of a significant increase in hardness. 

The residual stress makes twists or dislocations in the material leading to a mechanism to increase the hardness 

[33]. The distribution of the hardness profile of different butt joints of FSW with SSM 6063 aluminum alloy is 

presented in Figure 6. 

 

Figure 6. The distribution of hardness around the friction zone with FSW for five different joint ratio types 

Defect Results  

The photograph at 200x magnification of defects in the friction zone that occurred after welding of the SSM 

6063 aluminum alloy is presented in Figure 7 showing the results of different defected types from the different 

joint ratio types. The results showed that the joint ratios affected the structural changes and the perfection of the 

welded samples. In addition to the optimal parameters in the welding, the joint ratios that were set for welding in 

this experiment are the parameters contributing to the perfection of the samples and good mechanical properties 

after welding. This can be explained from the results of the experiment that the joint ratio value at 1.00 from the 

simple butt joint with the smallest welded joint ratio offers minimal defects, small microvoids defect, and small 

volume of voids after welding, compared with other types of joints presented in Figure 7(a). On the other hand, 

the lack of penetration and kissing bond defects can be found when the joint ratio value is at 2.66 from the 

double butt lap joint. This is because the complicated gap of the joint affects the material flow and the gap traps 

the air while welding leading to imperfections of the weld joints [34]. The lack of penetration will occur at the 

bottom surface of the welding samples making thermal energy difficult to reach. As a result, the material in the 

area becomes difficult to be softened to the plastic behavior, and kissing bond defects are long lines from the top 

surface to the bottom of samples presented in Figure 7(e and f) [35]. For joint ratio value at 1.83 from the 

stepped lap butt joint, the kissing bond defects and tunnel defects were observed at the end of the pin tool and 

the size of this defect was around 300 µm in length and 115 µm in width presented in Figure 7(c). 

Simultaneously, the joint ratio value at 1.94 from the groove butt joint found that the size of the tunnel defect 

was 960 µm long and 210 µm wide and the very small microvoid defects distribute around tunnel defects 

presented in Figure 7(d). This is because the joint design has a large joint ratio, leading to defects after FSW. 

Finally, the joint ratio value at 1.30 from the scarf butt joint, which is a little more than 1.0, shows fewer defects 

presented in Figure 7(b). A fewer amount of microvoid and kissing bond defects were observed, which can be 

seen from OM examination. However, the defects arising from the FSW of the five different butt-joint types are 
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related to the joint ratio. This can be explained that a higher joint ratio tends to form defects, but a lower joint 

ratio encourages the reduction of defects. These defects found from this experiment lead to poor mechanical 

properties [36]. 

 

Figure 7. Optical micrograph of the microstructure analyzed from different joint ratios of  SSM 6063 aluminum 

alloy with FSW for this experiment: (a) joint ratio at 1.00, (b) joint ratio at 1.30,  (c) joint ratio at 1.83, (d) joint 

ratio at 1.94 and (e and f) joint ratio at 2.66 

Figure 8 shows the microstructure characteristics under the pin tool area. It was found that the plate-like shapes 

of Al5FeSi intermetallic compound were formed like a net in the base metal zone and the insertion of iron and 

silicon elements phase were observed. This particle size is around 200-224 µm long and 20-44 µm in wide 

shown in Figure 8(a). However, the intermetallic compound β-Al5FeSi precipitations were changed in size and 

shape. The result found that when the joint ratio value at 1.00 from the simple butt joint, the β-Al5FeSi phase 

was transformed into a rod-type shape which is a small size phase and dispersed throughout the friction zone in 

which the size of particle was 9-14 µm shown in Figure 8(b). The lower joint ratio causes easy access of heat 

and makes β-Al5FeSi phase softened and broken by the impact force of stir tools. Similarly, for more complex 

joint characteristics or higher joint ratio, the larger particle size of β-Al5FeSi was more likely to be observed. 

This can be described from the joint ratio value at 2.66 that the piratical size of β-Al5FeSi particle formed net-

like shapes was around 55-64 µm. Figure 8(f) can be analyzed that the heat input was inaccessible into the β-

Al5FeSi intermetallic compound and caused the defect formation by Yutaka et al.[37]. The phase transformation 

of intermetallic compound β-Al5FeSi can be explained by mechanical force and thermal conductivity property 

[38]. The results of β-Al5FeSi phase transformation of this experiment were similar for both the joint ratio value 

at 1.83 and 1.94 from the stepped lap butt joint and the groove butt joint. The size of these particles was 27-33 

and 28-37 µm respectively. The analysis showed that, in the two types of joint ratio, there is not much difference 

in particle size because both types of joints have similar joint ratio values shown in Figure 8(d and e). Finally, 

for the joint ratio value at 1.30 from scarf butt joint, the particle size was 17-29 µm shown in Fig 8(c). It was 

observed that the smaller the particle size of the β-Al5FeSi intermetallic compound dispersed in the friction zone 

as well. However, apart from the joint ratio that affects the changes in the metallurgy of β-Al5FeSi intermetallic 

compound, the factors in this experiment that affect the changes in size and shape of the β-Al5FeSi intermetallic 

compound from the FSW of 6063 aluminum alloy are the tool geometry, rotation speed, travel speed, and the 

depth of plug [39]. 
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Figure 8. SEM images of region of the FSW of SSM 6063 aluminum alloy different joint ratios:                      

(a) the base of the Al5FeSi intermetallic compound, (b) 1.00, (c) 1.30, (d) 1.83, (e) 1.94 and (f) 2.66 

CONCLUSIONS  

The results of the experiment show that joint ratio significantly correlates to the joint strength and defect 

formation, which can be summarized as follows: 

 The joint ratio affects the joint strength. A non-complicated joint design such as a simple butt joint with 

the joint ratio at 1.00 provides better joint strength for 123.60 MPa which is more than what we found on 

the double butt lap joint with the joint ratio at 2.66 for 90.79 MPa.  

 Fewer defects are found after FSW when the joint ratio is low. On a joint ratio value at 1.00, microvoid 

defects were found. On a joint ratio value at 1.30, the microvoids and kissing bond defects were 

observed. On a joint ratio value at 1.83, the kissing bond and tunnel defects were found. On a joint ratio 

value at 1.94, the tunnel and microvoid defects were found. On the joint ratio value at 2.66, the lack of 

penetration, joint line remnant, wormhole, and kissing bond defects were recorded. 

 The results of the bending are assessed that the samples with the joint ratio value at 1.00 from a simple 

butt joint are acceptable for both the face and root bending tested. On the other hand, for the joint ratio 

value at 2.66 from the double butt lap joint, the samples were rejected on both the face and root bending 

test due to defects that interfere with the bending behavior of the samples resulting in fracture failure. 

 The results of the hardness found in the friction zone tend to provide higher hardness than the thermal-

mechanical affected zone and the hardness in the friction zone of the samples with the joint ratio value at 

1.00 was the highest at 51.5 HV0.1 when compared to other joint ratio types. 

 The joint ratio can affect joint strength and elongation, which can be predicted from the regression 

equation as:  

Joint strength = 0.018A + 0.324B + 13.1C − 4.9D      

and  

Elongation = 0.00302A + 0.038B + 1.34C − 1.05D   

where A, B, C, and D are tool rotational speed (rpm), welding speed (mm/min), tool geometry, and joint 

ratio respectively. 

FUTURE WORK 

This research obviously proves that the joint ratio affects the joint strength and defect formation for SSM 6063 

aluminum alloy. This semi-solid metal aluminum alloy is gaining popularity in the industrial sector. Therefore, 

it is interesting to study the more complex joint on friction stir welding produced from other grades of semi-

solid casting materials. By using Finite Element to analyze the relationship between the thickness of the samples 

with different joint lengths and algorithm modeling, this could be a guideline for further research. 



The Joint Ratio of Friction Stir Welding Affecting the Mechanical Properties and Microstructures on SSM 6063 Aluminum Alloy 

116 

 

ACKNOWLEDGMENT 

This work was supported by the Department of Industrial Engineering, Faculty of Engineering and Ubon 

Ratchathani University, Thailand. 

REFERENCES  

[1] Z. Chang, N. Su, Y. Wu, Q. Lan, L. Peng and W. Ding, “Semisolid rheoforming of magnesium alloys: A 

review”, Mater. Des, Vol. 195, Pp. 108990, 2020. 

[2] S. Thanabumrungkul, S. Janudom, R. Burapa, P. Dulyapraphant and J. Wannasin, “Industrial development 

of gas induced semi-solid process”, Trans. Nonferrous Met. Soc. China, Vol. 20, No. 3, Pp. s1016-s1021, 

2010. 

[3] X. Du and E. Zhang, “Microstructure and mechanical behaviour of semi-solid die-casting AZ91D 

magnesium alloy”, Mater. Lett, Vol. 61, No. 11-12, Pp. 2333-2337, 2007. 

[4] J. Wannasin, S. Janudom, T. Rattanochaikul, R. Canyook, R. Burapa, T. Chucheep and  S. 

Thanabumrungkul, “Research and development of gas induced semi-solid process for industrial 

applications”, Trans. Nonferrous Met. Soc. China, Vol. 20, No. 3, Pp. s1010-s1015, 2010. 

[5] J. Baumeister, J. Weise, E. Hirtz, K. Höhne and J. Hohe, “Applications of aluminum hybrid foam 

sandwiches in battery housings for electric vehicles”, Procedia Mat. Sci, Vol. 4, Pp. 317-321, 2014. 

[6] Q. Liu, Jinsha Wang, Xinshen Huang, Tianming Wu, Zhijian Zong and Qing Li, “In-plane and out-of-plane 

bending responses of aluminum mortise-tenon joints in lightweight electric vehicle inspired by timber 

structures”, Thin-Walled Struct, Vol. 127, Pp. 169-179, 2018. 

[7] R.S Mishra and Z.Y. Ma, “Friction stir welding and processing”, Mater. Sci. Eng. R Rep, Vol. 50, Pp. 1-78, 

2005. 

[8] Z.Y. Ma, A.H. Feng, D.L. Chen and J. Shen, “Recent advance in friction stir welding/processing in 

aluminum alloys: Microstructure evaluation and mechanical properties”, Crit. Rev. Solid State Mater. Sci, 

Vol. 43, No. 4, Pp. 269-333, 2018. 

[9] I. Sabry, A.M. El-Kassas, A.H. Mourad, D.T. Thekkuden and J.A. Qudeiri, “Friction Stir Welding of T-

Joints: Experimental and Statistical Analysis”, J. Manuf. Mater. Process, 2019. doi:10.3390/jmmp3020038. 

[10] D. Sethi, U. Acharya, S. Shekhar and B.S. Roy, “Applicability of unique scarf joint configuration in friction 

stir welding of AA6061-T6: Analysis of torque, force, microstructure and mechanical properties”, Def. 

Technol, 2021. doi.org/10.1016/j.dt.2021.03.010. 

[11] H.A. Derazkola, N. Kordani and H.A. Derazkola, “Effects of friction stir welding tool tilt angle on 

properties of Al-Mg-Si alloy T-joint”, CIRP. J. Manuf. Sci. Technol, Vol. 33, Pp. 264-276, 2021. 

[12] Y. Su, W. Li, X. Liu, F. Gao, Y. Yu and A. Vairis, “Strengthening mechanism of friction stir welded alpha 

titanium alloy specially designed T-joints”, J. Manuf. Process, Vol. 55, Pp. 1-12, 2020. 

[13] N. Dialami, M. Cervera and M. Chiumenti, “Defect formation and material flow in Friction Stir Welding”, 

Eur. J. Mech A. Solids, Vol. 80, Pp. 103912, 2020. 

[14] R.F. Hamade and A.M.R. Baydoun, “Nondestructive detection of defects in friction stir welded lap joints 

using computed tomography”, Mater. Des, Vol. 162, Pp. 10-23, 2019. 

[15] H. Ma, Y. Wang, Z. Tian, L. Xiong and Y. Zhang, “Gap-tolerance control for friction stir butt welding of 

2A14 aluminium alloy”,  Measure, Vol. 148, No. 1, Pp. 106915, 2019. 

[16] R. Ranjan, A.C. de Oliveira Miranda, S.H. Guo, S. Walbridge and A. Gerlich, “Fatigue analysis of friction 

stir welded butt joints under bending and tension load”, Eng. Fract. Mech, Vol. 206, Pp. 34-45, 2019. 

[17] S. Janudom, J. Wannasin, J. Basem and S. Wisutmethangoon, “Characterization of flow behavior of semi-

solid slurries containing low solid fractions in high-pressure die casting”, Acta. Mater, Vol. 61, No. 16, Pp. 

6267-6275, 2013. 



The Joint Ratio of Friction Stir Welding Affecting the Mechanical Properties and Microstructures on SSM 6063 Aluminum Alloy 

 

117 

 

[18] H. Zhao, Q. Pan, Q. Qin, Y. Wu and X. Su, “Effect of the processing parameters of friction stir processing 

on the microstructure and mechanical properties of 6063 aluminum alloy”, Mater. Sci. Eng. A, Vol. 751, Pp. 

70-79, 2019. 

[19] C. Meengam and K. Sillapasa, “Evaluation of Optimization Parameters of Semi-Solid Metal 6063 

Aluminum Alloy from Friction Stir Welding Process Using Factorial Design Analysis”, J. Manuf. Mater. 

Process, 2020. doi.org/10.3390/jmmp4040123. 

[20] ASTM E8/E8M-09, “Standard test methods for tension testing of metallic materials”, ASTM International, 

November 3, 2019. 

[21] ASTM E290-14, “Standard test methods for bend testing of material for ductility”, ASTM International, 

October 25, 2019. 

[22] A. Tsarkov, K. Trukhanov and I. Zybin, “The influence of gaps on friction stir welded AA5083 plates”, 

Mater. Today: Proc, Vol. 19, No. 5, Pp. 1869-1874, 2019. 

[23] D. Franke, S. Rudraraju, M. Zinn and F.E. Pfefferkorn, “Understanding process force transients with 

application towards defect detection during friction stir welding of aluminum alloys”, J. Manuf. Process, 

Vol. 54, Pp. 251-261, 2020. 

[24] K. Sillapasa, Y. Mutoh, Y. Miyashita and N. Seo, “Fatigue Strength Estimation Based on Local Mechanical 

Properties for Aluminum Alloy FSW Joints”, Materials, 2017. doi.org/10.3390/ma10020186. 

[25] S. Ji, Z. Li, L. Zhang and Y. Wang, “Eliminating the tearing defect in Ti-6Al-4V alloy joint by back 

heating assisted friction stir welding”, Mater. Lett, Vol. 188, Pp. 21-24, 2017.  

[26] P. Nagasankar, P. Gurusamy, S. Gopinath, K. Gnanaprakash and G. Pradeep, “Optimization of process 

parameters on engine exhaust valves using Taguchi method in friction welding process”, Mater. Today: 

Proc, Vol. 33, No. 7, Pp. 3212-3217, 2020. 

[27] Y. Guo, Y. Ma, X. Zhang, X. Qian and J. Li, “Study on residual stress distribution of 2024-T3 and 7075-T6 

aluminum dissimilar friction stir welded joints”, Eng. Fail. Anal, Vol. 118, Pp. 104911, 2020. 

[28] M. Kadlec, R. Ruzek and L. Nováková, “Mechanical behaviour of AA 7475 friction stir welds with the 

kissing bond defect”, Int. J. Fatigue, Vol. 74, Pp. 7-19, 2015. 

[29] S. El Mouhri, H. Essoussi, S. Ettaqi and S. Benayoun, “Relationship between Microstructure, Residual 

Stress and Thermal Aspect in Friction Stir Welding of Aluminum AA1050”, Procedia Manuf, Vol. 32, Pp. 

889-894, 2019. 

[30] U. Das and V. Toppo, “Bending Strength Evaluation Of Friction Stir Welded AA6101-T6 And AA6351-T6 

Aluminum Alloys Butt Joint”, Mater. Today: Proc, Vol. 5, No. 5, Pp. 11556-11562, 2018. 

[31] S. Richmire, K. Hall and M. Haghshenas, “Design of experiment study on hardness variations in friction 

stir welding of AM60 Mg alloy”, J. Magnes. Alloy, Vol. 6, No. 3, Pp. 215-228, 2018. 

[32] H. Ji, Y. Deng, H. Xu, S. Lin, W. Wang and H. Dong, “The mechanism of rotational and non-rotational 

shoulder affecting the microstructure and mechanical properties of Al-Mg-Si alloy friction stir welded joint”, 

Mater. Des, Vol. 192, Pp. 108729, 2020. 

[33] A. Naumov, F. Isupov, Evgenii Rylkov, Pavel Polyakov, Mikhail Panteleev, Aleksey Skupov, Sergio T. 

Amancio-Filho and Oleg Panchenko, “Microstructural evolution and mechanical performance of Al-Cu-Li 

alloy joined by friction stir welding”, J. Mater. Res. Technol, Vol. 9, No. 6, Pp. 14454-14466, 2020. 

[34] D. Wu, W.Y. Li, Y.J. Gao, J. Yang, Y. Su, Q. Wen and A. Vairis, “Effect of an improved pin design on 

weld formability and mechanical properties of adjustable-gap bobbin-tool friction stir welded Al-Cu 

aluminum alloy joints”, J. Manuf. Process, Vol. 58, Pp. 1182-1188, 2020. 

[35] W. Tang, X. Yang, S. Li and H. Li, “Zigzag line defect in friction stir butt-weld of ferritic stainless steel”, 

Mater. Lett., Vol. 288, Pp. 129361, 2021. 



The Joint Ratio of Friction Stir Welding Affecting the Mechanical Properties and Microstructures on SSM 6063 Aluminum Alloy 

118 

 

[36] J. Sai Sashank, P. Sampath, P. Sai Krishna, R. Sagar, S. Venukumar and S. Muthukumaran, “Effects of 

friction stir welding on microstructure and mechanical properties of 6063 aluminium alloy”, Mater. Today: 

Proc, Vol. 5, No. 2, Pp. 8348-8353, 2018. 

[37] S.S. Yutaka, K. Hiroyuki, E. Masatoshi and J. Shigetoshi, “Microstructural Evolution of 6063 Aluminum 

during Friction Stir Welding”, Metall. Mater. Trans A. Phys. Metall. Mater. Sci, Vol. 30, Pp. 2429–2437, 

1999. 

[38] S.S. Yutaka, K. Hiroyuki, E. Masatoshi, J. Shigetoshi and H. Takenori, “Precipitation Sequence in Friction 

Stir Weld of 6063 Aluminum during Aging”, Metall. Mater. Trans A. Phys. Metall. Mater. Sci, Vol. 30A, 

Pp. 3125–3130, 1999. 

[39] G. Pankul, N.S. Arshad, Z.K. Noor, A.H. Mohd, A.K. Zahid, H.A. Mustufa and A.A. Abdulrahman,  

“Investigation on the Effect of Tool Pin Profiles on Mechanical and Microstructural Properties of Friction 

Stir Butt and Scarf Welded Aluminum Alloy 6063”, Metal, 2018. doi.org/10.3390/met8010074. 

 

 

 

 

 

 

 

 


