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Abstract. The objective of this research was to investigate variables that affected the adhesion of 
the welded joints for TWBs with FSW in the SSM 2024 aluminum alloys. The results clearly 
showed that there was a good adhesion of the samples in every experiment. Longitudinal voids can 
also been found on the top surface of some variables. The average size of cross-links structure of 
Al2Cu phase (β phase) in SZ, broken into smaller pieces, was around 4 to 7 µm and evenly mixed 
with alpha phase ( α phase) . The effect of fracture of Al2Cu phase promoting better mechanical 
properties. The appropriate tensile strength from the experiment came from variables at the work 
angle at 15o, rotation speed at 2720 rpm, and welding speed 60 mm/min which provided maximum 
tensile strength value at 205.0 MPa and the maximum average hardness at 132.4 HV, higher than 
the weld region. The assessment results showed that the differences in welding variables resulted in 
different mechanical properties. 

Introduction 
The Tailored Welded Blanks (TWBs) is the principle of welding samples with different 

thickness, used in the automotive industry [1], in order to reduce the weight of various parts of the 
car to be lighter. The conceptual model TWBs due to its low cost can reduce energy consumption 
and can also reduce the use of materials in a process. This means a thick material will be chosen in 
a case that requires high load; on the contrary, a material with less thickness will be used in an area 
that does not need high load. This leads to the selection of materials with suitable mechanical 
properties for each piece with good engineering design principles. However, welding of different 
thickness materials is not easy due to the different material thickness resulting in difficulty to 
control welding parameters. Especially, the appropriate variables in TWBs with friction stir welding 
method (FSW) have not been well studied yet. The FSW was invented by The Welding Institute in 
1991 [2] and several methods have been developed to be suitable for use in other industries, now 
extensively used in the automotive industry such as door panels, driveshafts, and space frames [3]. 
The advantages of FSW are as follows: low distortion and shrinkage after welds, excellent 
mechanical properties, energy saving, no filler wire required, no gas shielding, can do long weld, 
and environmentally friendly [4]. However, welding parameters relating to the heat generated 
during the welding process significantly affect the adhesion of the samples, and studying these 
variables that affect the welding of different thickness of materials is therefore a challenge and 
interesting. Popular materials with FSW were light metals such as aluminum alloy, magnesium, 
titanium, and copper. The aluminum alloy is extensively used in the automotive industry to 
manufacture automotive parts. The Semi-Solid Metal 2024 aluminum alloys (SSM) [5] developed 
from the molding by releasing gas bubbles are also used to produce automotive parts. The TWBs of 
SSM 2024 aluminum alloys with FSW so is interesting. Since, this idea could support the 
automotive manufacturing parts industry or welding to repair damaged samples after used. The 
main purpose of this research is to investigate parameters affecting TWBs of SSM 2024 aluminum 
alloys with FSW. The result analysis focuses on the tensile strength and the changes of 
microstructure at the joint, and the appropriate variables from the experiment will be evaluated. The 
results of microstructure analysis in stir zone and affected thermal-mechanical zone will be 
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presented with the analysis of base materials after welding joints by using a scanning electron 
microscopy. 

Experimental Procedures 
SSM 2024 aluminum alloys, containing copper, manganese, and magnesium, were used in the 

experiment. The microstructure of the alpha phase (α) was a globular shape and the beta phase (β) 
had a shape of cross-links formed Al2Cu phase, which was inserted between the grain boundaries. 
The chemical composition and mechanical properties are shown in Table 1. The SSM 2024 
aluminum alloys were produced from gas induces semi-solid methods (GISS). The GISS technique 
is an aluminum casting process, a semi-solid state with cast temperature 640 oC, which releases gas 
bubbles through the porous graphite rod at a pressure of 8 liters per minute. Then, it is compressed 
at 250 bars and cooled. In this experiment, the two rectangular shape samples were prepared with 
two different thickness of dimension 50x100x3 mm and 50x100x6 mm, respectively. 
 

Table 1 Chemical composition and properties of SSM 2024 aluminum alloy [6] 
Materials Cu Fe Mg Mn Si Ti Zn Al 

2024 3.8-4.9 0.5 1.2-1.8 0.3-0.9 0.5 0.15 0.25 Bal. 
Ultimate tensile strength (MPa) Elongation (mm) Hardness Vickers 

185 20 114 

The variables in the experiment obtained from preliminary studies are rotation speed as 1110, 
1750 and 2720 rpm, welding speed as 30, 60 and 90 mm/min, and 2 levels of tilt work angle as 10 
and 15 degrees shown in Table 2. For TWBs of FSW, tools made from SKD 61 (JIS Stranded) were 
used. The size of the tool was a 20 mm shoulder, a 4 mm tool pin, and 3.2 mm in length. For FSW,  
the samples should be camped with a butt joint. Then, samples were jointed in different thickness 
according to the theory of TWBs, with the 6 mm thickness samples were on the advancing side 
(AS) and the 3 mm thickness samples were on the retreating side (RS). The tilt angle according to 
the sample thickness was adjusted at 10 or 15 degrees, presented in Fig.1(a) . After that, the travel 
angle for welding was adjusted at 3 degrees, presented in Fig.1(b). The direction of the welding 
rotation was clockwise. The tool was pressed on the welding position at a constant speed of 3.9 mm 
per minute until the shoulder of the tool contact with the surface of the sample. Therefore, the 
pressure was exerted on the samples with the depth of the plug at 0.8 mm. During this period, 
although the friction behavior between the tool and the surface of the sample would be high enough 
to cause damage to the tool, it would generate heat as well. The resulting heat weakened the 
material in the stir zone, which is required to maintain a welding time of 20 sec. Then, the welding 
machine was controlled in the specified direction, following by maintaining welding time before 
pulling the tool up by another 20 sec, to complete the keyhole form in stir zone after welding. The 
different variables used TWBs with FSW in the SSM 2024 aluminum alloys are shown in Table 2. 

 
Figure 1. Shows photos TWBs with FSW of SSM 2024 aluminum alloy. 
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Table 2 The variables used in the experiment 
 

Welding Speed (mm/min) Tilt work Angle 
(Degree) 

Rotation Speed (rpm) 

30 

10 
1110 
1750 
2720 

15 
1110 
1750 
2720 

60 

10 
1110 
1750 
2720 

15 
1110 
1750 
2720 

90 

10 
1110 
1750 
2720 

15 
1110 
1750 
2720 

The size and shape of the pull samples for tensile strength were prepared with the American 
Society of Testing and Materials according to ASTM E8 standard. The Testometric model: M500-
25KN tensile strength was used to test the samples at room temperature and at a testing speed at 
1.67x 102 mm per min. Matsuzawa model MMT-X7 for Vickers hardness methods was used to test 
the hardness, by using a diamond pyramid at the end of the indenter at an angle of 136 degrees, 
soaking time 10 seconds and apply pressure by 10 KN test (HV10). The samples were measured on 
the cross-section at every 1.5 mm intervals away from the center of the weld zone as presented in 
Fig.2. Assessing the microstructure in weld zone and other areas, the microstructure was anylazed 
by a FEI-Quanta scanning electron microscopy model 400 from Japan. The sample preparation was 
carried out by grinding surfaces with P180, 360, 800, 1000 and 1200 grit SiC paper respectively. 
Then, polished by grinding the samples surface with alumina powder size 5, 3 and 1 µm. After that, 
the samples were etched with Keller’s acid, and cleaning with acetone for 30 seconds. Lastly, the 
samples were examined changes in microstructure, defects, and particle distribution characteristics 
the in weld area. 

 
Figure 2. Schematic location of examining hardness on TWBs with FSW for SSM 2024 aluminum 

alloy. 

Results and Discussion 
The results of FSW of TWBs of samples show a good tendency of both mechanical and 

metallurgical properties; the samples after welding can be attached. The experimental results are 
presented as follows: 
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Microstructure Results 
The top surface of the samples is presented in Fig.3, with different roughness. The heat generated 

during TWBs with FSW affected the appearance of the top surface, with a rotation speed of  
2720 rpm. It showed the surface with high roughness comparing to other variables presented in 
Fig.3(c, f, i, l, o and r) respectively. Simultaneously, the high heat from friction between the 
shoulder tool with samples surface resulting in the formation of flash [7], affecting the integrity of 
the joint, and reducing defects. However, a high overheat caused the material to be softer which 
could potentially cause the welding tool to push material out of SZ, becoming flash defect. The 
longitudinal voids that parallel to the travel direction of the weld were shown due to lower heat 
which directly affected the difficulty of materials to flow and mix which is leading to the presence 
of longitudinal viods in Fig.3(h, i, and m). It can be seen that heat input is important for TWBs of 
FSW, and  heat generation can be calculated by the given as [8]:  

qfi  = 2πµFnRin                                                                (1) 
Ri is the distance from the calculated point to the axis of the rotating tool, n is the rotation speed 

and Fn is the coefficient of the friction between the tool and samples surface. For the top surface of 
the samples, other variables had a complete appearance presented in Fig.3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 3. The top view photograph of welding surface of different variables of TWBs to FSW. 
 
Figure 4 shows the characteristics of the Al2Cu particle distribution at the SZ inspected by SEM, 

with the tilt angle at 10o, rotation speed at 1750 rpm and welding speed 30 mm/ min at a 
magnification of 800X. The formation of a large void at the end of the pin tool was observed 
resulting from low heat [9] while TWBs with FSW leading to the void is presented in Fig.4(a). At 
800X magnification, it showed the distribution of Al2Cu phase from cross-link structure, which was 
inserted at the grain boundary of the globular structure.  It can be clearly seen that some of the 
Al2Cu phase had been destroyed, broken and crushed by a friction force into small particles merged 
with the aluminum matrix as presented in Fig.4(d and e). The average size of Al2Cu phase was 12 to 
18 µm. At the same time, a small void was found at the SZ which was the result of variables that 
affected heat.  
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Figure 4. The photograph of TWBs with FSW for the tilt angle at 10o, rotation speed at 1750 rpm, 

and welding speed 30 mm/min by SEM. 
 
TMAZ was an area that received the heat from TWBs with FSW SSM 2 0 2 4  aluminum alloy; 

however, stress behavior was less comparing to SZ, affecting cross-link structure of Al2Cu phase 
which is hard to be destroyed. The average size of Al2Cu phase was 12 to 18 µm in TMAZ as 
presented in Fig.5 (c and d). On the other hand, from the structural examination in SZ with the tilt 
angle at 15o, rotation speed at 2720 rpm, and welding speed 60 mm/min, it was found that Al2Cu 
phase changed to a smaller shape with an average size of 4 to 7 µm. Moreover, those particles had a 
uniform distribution leading to good hardness properties as presented in Fig.5 (a, d and e). Also, the 
experiment of the above variables showed that the low number of voids, which supports good 
mechanical properties [10]. The TMAZ region near the SZ influenced by friction froce and heat, 
which is the cause of Al2Cu particle fracture, is presented in Fig.5 (b and e). The different variables 
of the experiment led to the difference in particle size, which could be found by examining the 
structure of the SZ. 

 
Figure 5. The photograph of TWBs with FSW for the tilt angle at 15o, rotation speed at 2720 rpm, 

and welding speed 60 mm/min by SEM. 
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Tensile Strength Results 
The results show good tensile strength in all experiments. It can be seen that the variables in the 

experiment had different tensile strengths. To illustrate, tilt angle at 15o tends to provide better 
tensile strength than tilt angle at 10o. This is caused by the appropriate material flow. A maximum 
average tensile strength of 205.0 MPa at the tilt angle at 15o, rotation speed at 2720 rpm, and 
welding speed 60 mm/min was the accepted optimum condition. The tilt angle of TWBs with FSW 
had a clear effect on the changes in tensile strength. As seen from the above observations, the 
increased tensile strength and tilt angle also show defects. The tilt angle at 10o, rotation speed at 
1750 rpm, and welding speed 60 mm/min had a minimum average tensile strength of 71.3 MPa and 
caused longitudinal voids. However, when the welding speed was increased from 60 to 90 mm/min, 
tensile strength decreased as well. When the welding speed moved too fast, it resulted in the change 
of immediate heat around the welding tool [11]. These are the reasons for the defected formation of 
after welding. Moreover, the value of tensile strength could be explained by the changes in 
microstructure in SZ, good precipitation of Al2Cu phase (small particles around 4-7 um is the best 
size and evenly disperse to all around area)  was formed, and uniform distribution would have a 
good effect on the tensile strength as well [12]. On the other hand, sometimes, friction force made 
Al2Cu phase broken into large particles lead to lower tensile strength. The tensile strength results of 
this TWBs with FSW experiment is presented in Fig.6.  

 

 
Figure 6. The tensile strength of TWBs with FSW for SSM 2024 aluminium alloy. 

Vickers Hardness Results  
Figure 7 shows the result of the hardness test of TWBs with FSW for SSM 2024 aluminum 

alloy. It was found that the SZ had a higher hardness than that of the base metal (BM) caused by the 
effects of friction force that also caused Al2Cu phase to be broken and dispersed around the SZ. 
Moreover, the heat was another cause that affected the structural changes of the SZ until it led to 
increased hardness [13]. The intermetallic compound was formed by heat, and the transition of the 
eutectic phase in various forms would promote good hardness. The TMAZ near the SZ showed that 
the hardness also increased and was influenced by the heat transfer of the welding tool that was 
radiating during welding. The thermal coefficient of the material affected the width of the TMAZ 
and widened the area of hardness[14]. However, the BM region received very little heat resulting in 
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the atoms not moving between grains; therefore, the structure was not changed much which would 
not be able to change the hardness. Another reason was to increase hardness from residual stress 
derived from material deformation. The friction force caused the SZ to receive stressed during 
FSW, and some stresses did not release all the energy which still remained inside the material after 
welding [15]. Likewise, residual stress led to the twisting of the welding samples with a small 
thickness. In all experiments, the results of hardness were the same direction. 
 

 
 

Figures 7. Hardness profiles across the weld region of TWBs with FSW for SSM 2024 aluminium 
alloy. 

Summary 
 The consideration of suitable variables to the mechanical properties and changes in 

microstructure is needed for TWBs with FSW for SSM 2024 aluminum alloy. After TWBs to FSW, 
it was found that variables making Al2Cu phase into particles with an average size of 4 to 7 µm and 
distribution throughout the SZ promoted better tensile strength and hardness. The variables at the 
tilt angle at 15o, rotation speed at 2720 rpm, and welding speed 60 mm/min had a maximum 
average tensile strength of 205.0 MPa. Meanwhile, the maximum average tensile strength value was 
71.3 MPa from tilt angle at 10o, rotation speed at 1750 rpm, and welding speed 60 mm/min 
respectively. The hardness analysis results showed that SZ had a higher hardness than the TMAZ 
and BM. This could be explained from the cross-link structure of Al2Cu phase fracture and plastic 
deformation in SZ, whilst such structural shape of Al2Cu phase in TMAZ and BM was less formed,  
resulting in a low change in hardness. The heat and residual stress were a strong influence on the 
change of hardness. The higher heat and residual stress during TWBs with FSW for SSM 2024 
aluminum alloy with a rotation speed at 2720 rpm, the higher hardness was formed than other 
variables from the experiment due to the mechanism of generating heat. 
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