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Abstract— This work focused on various mechanical and metallurgical properties of different welding techniques on AA8011. This study 

was considered three different welding techniques such as friction stir welding, tungsten inert gas welding and laser beam welding. In 

the preliminary study, FSW shows the better microstructure and mechanical properties than other two techniques, in which increased 

hardness was found with FSW joint than base metals and other welding methods. Increased tensile strength was found with FSW joint 

(up to 23% in order to base metal) whereas TIGW joint has increCdment about 9%.  Optimized welding conditions were estimated with 

respect to improve the productivity, also the influenced process parameters for welding were found such as axial force, rotational speed, 

tool material and travel speed on hardness, UTS, and yield strength. Through this experiment, Taguchi parametric design technique 

was used and the effects of process parameters were studied through L16 Orthogonal Array. Analysis of variance (ANOVA) used to 

discover the level and contributions of each process parameter. By this Optimization, axial force has great importance on attaining 

maximum yield strength and hardness. Also rotational speed was highly influenced with ultimate tensile strength.  

 

Keywords— Dissimilar Welding process, FSW, TIG, LBW, SEM, Taguchi, Hardness, UTS, Yield Strength, Process Parameter, 

ANOVA. 

I. INTRODUCTION 

Friction Stir Welding process is the most commonly used method among aluminum alloy joining processes. The prime 

advantage of FSW process is lower heat generation when compared with the other conventional processes like TIG and MIG [1-2]. 

In FSW process, generally three different zones are discussed, namely Nugget Zone (NZ) where welding has done, Thermo-

Mechanically Affected Zone (TMAZ) which is nearer to Nugget Zone and Heat Affected Zone (HAZ).  The NZ is affected with 

high temperature and more plastic deformation while TMAZ is affected with high temperature and little plastic deformations. 

Similarly, HAZ is affected with high temperature only [3-5]. In the case of micro structural analysis, grain size increased with 

higher rotational speed and decreased with hike in axial load to the tool. The tensile strength of welded joints reduced while 

increasing the rotational speed beyond 1200 RPM with AA 8011 MMC. But, increase of axial load resulted in little improvement 

in terms of both hardness and tensile strength [6]. For the TIG welding process, the grain size was varied with different welding 

speed. The grain size was found larger when the welding speed was less than 7 mm/s and it became fine at beyond 19 mm/s[7]. 

Laser beam welding was attained its perfection with aluminum alloys based on various parameters such as alloy composition, 

material preparation and processing parameters. Moreover some drawbacks also occurred in LBW like porosity, solidification 

cracking, poor weld bead area and stress corrosion cracking [8].  AA5000 and AA6000 are welded by CO2 laser beam welding 

with the optimum focal point being found 1.5 mm below from the top surface. The welding penetration elevated with increase in 

welding speed. Also, solidification crack was found at welded areas which could be prevented through reducing the stress 

concentration at the centre path of the welded joints [9].The paper initially focused on comparing the mechanical and 

microstructural properties such as UTS, yield strength and hardness of three different welded processes of join materials. The 

optimized operational parameters of were chosen based on the experimentations [10]. Based on the preliminary results, 
optimization of process parameter using Taguchi method has been chosen.  

 

II. MATERIALS AND METHODS  

 
TABLE.I  

CHEMICAL COMPOSITION OF AA 8011 

 

 

 

 

 

 

Chemical 

Composition 

Fe Si Mn Mg Zn Cu Ti Cr Al 

AA8011 0.74 0.52 0.459 0.277 0.084 0.127 0.016 0.028 Rem. 
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Table.1 shows the chemical composition of AA 8011 materials which were used for comparative studies.  The size of the plate 

used for the welding process was 100 mm x 50 mm x 4 mm. For FSW process, optimized parameters such as 10 KN of axial load, 

900 RPM of rotational speed and 25mm/min of translational speed were used.  For TIG welding process 60 amps current rate and 

30mm/min of clearance were used. Similarly, the speed of the laser beam welding was 250mm/min with 30 J of power.  

 For mechanical testing, Vickers hardness tester was used to observe the hardness of weld joints samples. The force was 

given as 0.2 kgf and time about 10 sec. The tensile test samples were prepared based on ASTM E8M-04 [11].  The size of the 

samples prepared for the SEM profile was 5mm x 5mm x10mm. TESCAN make, VEGA 3 model SEM was used for testing.  

Resolution was 3.5 nm with 25 kV high vacuum modes [12]. 

 

III. TAGUCHI TECHNIQUE  

 

It is said that, conventional experimental design processes were quite complex and it cannot be used easily because of 

increasing the number of process parameters, huge numbers of experimentations are to be analysed. To overcome this problem, 

Taguchi technique has been used to reduce the number of experiments [13]. Taguchi’s technique (robust design) is the most 

powered tool to design the best quality structure. With the addition of  S/N ratio, ANOVA is used to indicate the impact of process 

parameters on mechanical property values. Table.1 shows process parameter and level of FSW.  
TABLE II 

 PROCESS PARAMETER FOR FSW 

Factors Symbol Unit Level 1 Level 2 Level 3 Level 4 

Axial force A KN 6 8 10 12 

Rotational speed B mm/

min 

600 900 1200 1500 

Tool material C - HSC SS H13 D2 

Travel speed D RPM 12.5 25 50 75 

 

 

 

IV. RESULTS AND DISCUSSION  

 

Figure 1 shows pictorial view of different welding joints,  and also the comparison of the hardness and the tensile strength for 

different welding joints are shown in figures 2 and 3. The Vickers hardness of FSW welding joints were found to be more than the 

other joints which measured about 92 Hv at three trials. The Ultimate tensile strength was measured all samples and it was 

reported that 19 % of the tensile strength was increased in FSW joint compared with base metal. Similarly, increment of tensile 

strength was noted both in TIG weld and in LBW joints are to be about 15% and 8% respectively. 

 

 

 

 

 

 

 

 

 

 

 
(a)    (b)       (c) 

Fig.1 Different welding joint: a) LBW process, b) FSW Process, c) TIG welding process 

 

 

Silicon and magnesium presence in base metal tend to form Mg2Si precipitate particles which leads higher strength. 

Homogeneous dispersion of fine particles around aluminum metal matrix increases the strength and the hardness in base metal 

[8,14].  No filler metal was used in both FSW and LBW except TIG welding process.  
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                                Fig.2 Vickers Hardness of welded joints                                           Fig 3.Tensile strength of welded joints 

 

 Non heat treatable AA4043 was used as filler material in TIG welding to avoid solidification cracking [9,15]. Moreover, 

AA 4043 contains lower Mg2Si particles which reduce the tensile strength and the hardness during welding [10] as shown in 

figures 2 and 3. But, FSW joints made through severe plastic deformation which was similar alloy materials like base metal 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                                                           Fig. 4 Joint Efficiency for different welding methods 

 The hardness and the tensile strength were higher in FSW than in the other joints [11, 16]. Similarly, no filler materials 

were used in LBW, but the weld made through the melting of the base metal which cause of dilution of alloy elements at welded 

area. This might have resulted in the little increment of hardness and tensile strength in LBW joint. The joint efficiency was 

measured by the tensile strength of the welded joint to the tensile strength of the base metal shown in figure.4. The joint efficiency 

was found higher with FSW joints about 77% compared with the other TIG and LBW which had about 65% and 74%. By this 

analysis, the range tensile strength was rated as FSW > LBW >TIG.  Similarly, the hardness of the welded joints was rated as 

FSW > LBW > TIG. The grain formation was uniform and smooth with LBW; FSW joint had uniform materials distribution with 

little rough formation as well as TIG welded joint formed little rough distribution and formation of materials. 

A. Microstructure analysis  

 The grain size at the welded region has an important role on joint strength. The grain size strongly influenced various 

welding parameters on different welding methods. Moreover, the common property plays major role on grain size formation was 

heat generation during welding process at nugget zone. The higher heat generation leads fine grin size distribution. 
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                                            Fig.5 SEM images of FSW joints                          Fig.6 SEM images of TIG welded joints 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.7 SEM images of LBW joints 

 

The SEM image of FSW shown in figure 5 implies that grain formation was good when compared with TIG welding shown in 

figure 6. Similarly, grain formation with LBW (figure 7) was smoother than FSW and TIG processes. The filler material in TIG 

welding formed roughly between the base metals. The maximum heat generated during FSW process was 450°C which could not 

make molten pool at the welding area as in fusion welding. Also, it was strongly influenced by tool rotational speed and 

translational velocity [12,17].  

B. Analysis of S/N ratio 

 Preliminary investigations showed FSW gave better mechanical properties when compared with LBW and TIG; in order 

to improve productivity, optimized welding conditions were estimated to improve the mechanical properties [14-16]. Using wide 

range of processes parameters, defect less and high efficiency welded joints could be made. In this study, hardness, UTS, and 

yield strength were considered as the characteristic properties with respect to parameters of FSW were optimized. Maximum 

mechanical properties are desired so ―Larger is Better‖ theory was considered in the investigation using S/N ratio [18]. Table.2 

shows S/N ratio of AA 8011, parallel to experiments carried out as per L16 orthogonal array. 

 
TABLE III 

 L16 ORTHOGONAL ARRAY WITH S/N RATIO FOR HARDNESS, UTS, AND YIELD STRENGTH 

Axial 

force 

(KN) 

Rotational 

speed (RPM) 

Tool 

material 

Travel speed 

(mm/min) 

Hardness 

(Hv) 

UTS 

(MPa) 

Yield 

strength 

(MPa) 

S/N ratio 

Hardness 

S/N ratio 

UTS 

S/N ratio 

Yield 

strength 

6 600 HSC 12.5 80 190 250 38.06 45.58 47.96 

6 900 SS 25 83 196 245 38.38 45.85 47.78 

6 1200 H13 50 74 210 260 37.38 46.44 48.30 

6 1500 D2 75 79 208 240 37.95 46.36 47.60 

8 600 SS 50 76 200 250 37.62 46.02 47.96 

8 900 HSC 75 81 207 268 38.17 46.32 48.56 

8 1200 D2 12.5 83 215 265 38.38 46.65 48.46 

8 1500 H13 25 78 209 265 37.84 46.40 48.46 
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10 600 H13 75 85 198 262 38.59 45.93 48.37 

10 900 D2 50 91 210 269 39.18 46.44 48.60 

10 1200 HSC 25 95 225 280 39.55 47.04 48.94 

10 1500 SS 12.5 81 217 265 38.17 46.73 48.46 

12 600 D2 25 75 205 263 37.50 46.24 48.40 

12 900 H13 12.5 78 199 269 37.84 45.98 48.60 

12 1200 SS 75 83 210 260 38.38 46.44 48.30 

12 1500 HSC 50 86 206 267 38.69 46.28 48.53 

  

 The greatest performance of FSW process has been shown using better value of S/N ratio, thus the optimized parameters 

are in the level with the highest S/N value. Table.3 shows process parameter with their range and value at four levels and Figure.8 

displays plot for main effects on S/N ratio for hardness, UTS, and yield strength.  

 

TABLE IV 

 MEAN EFFECT OF HARDNESS, UTS, AND YIELD STRENGTH (S/N RATIO) 

Level Axial force 

(KN) 

Rotational 

speed (RPM) 

Tool 

material 

Travel speed 

(mm/min) 

1 41.72 41.73 42.34 41.92 

2 41.84 42.13 41.92 42.10 

3 42.58 42.23 41.75 42.00 

4 41.92 41.98 42.04 42.04 

Delta 0.85 0.50 0.59 0.18 

Rank 1 3 2 4 

 

 
Fig.8 Plot for main effects on S/N ratio of hardness, UTS, and Yield strength 

  

Fig.8 shows that S/N ratio of axial force increases from 6 KN to 10 KN and reduces from 10 KN to 12 KN, here that optimum 

axial force 10KN shows maximum rate.  When increasing rotational speed from 600 rpm to 1200 rpm and decreases at 1500rpm. 

So that 1200 rpm shows maximum optimum value. Optimizing the tool martial HSC shows better result compared to SS, H13, 

and D2. Traveling speed of S/N ratio increased to 25 mm/min and decreases from 25 to 50, thus the optimum travel speed is 

25mm/min.   

C. Analysis of variance (ANOVA)  

 ANOVA was executed to identify the importance of discrete process parameters. Tables 4,5,6 shows the contribution of 

each process parameter in percentage level denoted by column F. Influence of the significant parameters affecting the hardness, 

UTS, and yield strength of the welded AA8011 joint in FSW were found by F-test [19]. Figure.9 shows the percentage 

contribution by process parameters.  
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TABLE V 

 ANALYSIS OF VARIANCE FOR MEANS (HARDNESS) 

Source DOF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Axial force 3 213.00 45.03% 213.00 71.000 2.23 0.264 

Rotational speed 3 57.50 12.16% 57.50 19.167 0.60 0.656 

Tool material 3 96.50 20.40% 96.50 32.167 1.01 0.497 

Travel speed 3 10.50 2.22% 10.50 3.500 0.11 0.949 

Error 3 95.50 20.19% 95.50 31.833   

Total 15 473.00 100.00%     

 

 In Table.4, F-value and contribution percentage act as controllable process parameters to obtain the highest hardness, 

whereas the P value was a probability of the uncontrollable parameters. Axial force and rotational speed contribute 45.03% and 

12.16% followed by the tool material, travel speed with 20.40%, 2.22% and 20.19% contribution by the error. So it obviously 

denotes that the axial force has the larger influence in achieving the better hardness. 

TABLEVI 

 ANALYSIS OF VARIANCE FOR MEANS (UTS) 

Source DOF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Axial force 3 280.19 24.88% 280.19 93.396 2.99 0.196 

Rotational speed 3 659.19 58.55% 659.19 219.729 7.04 0.072 

Tool material 3 64.19 5.70% 64.19 21.396 0.69 0.618 

Travel speed 3 28.69 2.55% 28.69 9.563 0.31 0.821 

Error 3 93.69 8.32% 93.69 31.229 
  

Total 15 1125.94 100.00% 
    

 

 From Table.5 It becomes obvious that the rotational speed plays a major role in achieving the maximum ultimate tensile 

strength;  axial force and rotational speed contribute 24.88%, and  58.55% followed by the tool material, travel speed with 5.70%, 

2.55% and 8.32% contribution by the error. So it evidently indicates that the rotational speed has the maximum part to attain better 

hardness. 

TABLE VII 

 ANALYSIS OF VARIANCE FOR MEANS (YIELD STRENGTH) 

Source DOF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

  Axial force  3 916.25 58.44% 916.25 305.42 18.99 0.019 

  Rotational speed  3 224.75 14.34% 224.75 74.92 4.66 0.119 

  Tool material 3 302.25 19.28% 302.25 100.75 6.26 0.083 

  Travel speed  3 76.25 4.86% 76.25 25.42 1.58 0.358 

Error 3 48.25 3.08% 48.25 16.08       

Total 15 1567.75 100.00%             

 

 Table.6 shows that axial force and rotational speed contribute 58.44% and 14.34% followed by the tool material, travel 

speed with 19.28%, 4.86% and 3.08% contribution by the error. Again axial force has maximum influence in attaining the better 

yield strength and tool material that act as secondary major process parameters in this optimization.   . 
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Fig.9 Percentage contributions by process parameters 
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D. Regression equation: 

 A complete model of regression was completed using minitab 18 software.  The conventional least square method was 

used, in which development of equations by reducing the sum of the square residuals done [17-19]. Four operational parameters 

and four levels have been considered in the present study.  The complete regression equations are shown below:  

Hardness = 81.75 - 2.75 A1 - 2.25 A2+ 6.25 A3 - 1.25 A4- 2.75 B1 + 1.50 B2+ 2.00 B3 -0.75 B4+ 3.75 C1 -

1.00 C2 - 3.00 C3 + 0.25 C4 - 1.25 D1+ 1.00 D2 - 0.0 D3+ 0.25 D4……………(1) 

UTS = 206.56 - 5.56 A1+ 1.19 A2+ 5.94 A3- 1.56 A4- 8.31 B1- 3.56 B2+ 8.44 B3+ 3.44 B4+ 0.44 C1-

 0.81 C2- 2.56 C3+ 2.94 C4- 1.31 D1+ 2.19 D2 - 0.06 D3- 0.81 D4……..…(2) 

Yield 

strength 

= 261.13 - 12.38 A1+ 0.88 A2+ 7.87 A3 + 3.63 A4- 4.88 B1+ 1.62 B2+ 5.13 B3 -1.87 B4+ 5.12 C1-

 6.13 C2+ 2.88 C3- 1.87 C4+ 1.13 D1+ 2.13 D2+ 0.37 D3-3.62 D4………(3) 

 

 

V. CONCLUSIONS 

 

In this study, preliminary investigations of the mechanical and microstructure properties of three different welding processes 

such as FSW, TIG, and LBW using AA8011 were discussed. The following conclusions were made:  

 The hardness of the welded joints was higher than that of the base metals.  FSW and LBW showed an increase of 

about 17% and 14 % while in TIG the increase of 6 % . 

 The tensile strength was higher with FSW process than other two joints. FSW joint increased 19 % with respect to the 

base metal tensile strength. But the minimum increment was found with TIG welded joints, i.e., upto 8%. 

 The joint efficiency was higher with FSW and LBW joints. The lowered efficiency was found with TIG joints, 

because of filler materials used, lack of dilution of alloy materials leads to affect uniform distribution throughout the 

joints. 

 The grain formation was smoother with LBW with uniform particle distribution than other joints.   

From the above preliminary investigations, it became clear that FSW showed better mechanical properties, so that FSW could 

be taken as welding process and FSW process parameters optimized and in order to improve the productivity, process parameters 

namely axial force, rotational speed, tool material, travel speed were optimized using Taguchi technique based on L16 orthogonal 

array. 

  The optimization results were found to be A3,B3,C1,D2, i.e., axial force 10KN (level 3), rotational speed1200 

rpm (level 3), HSC tool material (level 1) and 25 mm/min (level 2) respectively. Axial force displayed major contributions in 

achieving maximum hardness; yield strength and rotational speed acted as important contribution in increasing maximum UTS. 

Furthermore, regression modeling helped in creating an equation to define the statistical relationship between the response 

variable and process parameter.  
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