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In this study, mechanical and metallurgical properties of friction stir welded AA 8011 aluminium alloy are observed. A straight 

cylindrical hardened tool made of high speed steel is used to fabricate the joints. A simple two factorial mixed level taguchi 

experimental design is used to maximize the tensile strength of the friction stir welded AA 8011 aluminium alloy. Welds are made 

at different values of tool rotation speed and tool traverse speed and the welded specimens are subjected to tensile test and the 

results are evaluated. Specimen FSW4 welded at 1000 Rpm and 40 mm/min traverse speed produced a very high tensile strength 

of 90.99 N/mm2. Specimen FSW8 recorded the highest ductility of 28.60%. The tensile value of the specimen increases with 

increase in tool rotation speed and welding speed and shows a decreasing trend at higher rpm. Macro hardness and micro hardness 

values were measured across the transverse section of the weld joint and the values at stir zone are considerably higher than values 

attained at other zones. Fractography analysis is carried out on the surface of ruptured specimens to identify the nature of fracture. 

EDS result reveals the presence of aluminium particles in higher concentration at the fracture zone with few traces of iron and 

impurities.  
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I. INTRODUCTION 

The requirements of lightweight structural materials are increasing worldwide in various sectors like automotive, aerospace, 

chemical and marine applications. Lightweight materials like aluminium, magnesium have replaced steel in various applications 

due to high strength, low cost, low melting point and superior properties. Welding of lightweight materials by conventional welding 

techniques though feasible and strong, yet researchers were hunting for a new joining technology that could enhance the strength 

and also minimizes the defects in order to create a sound weld. Friction stir welding is a robust metal joining process introduced 

by TWI in 1991. The materials welded by this process are free from all kinds of defects that are generally witnessed in conventional 

welding techniques. In this process a rotating non-consumable tool is used to create the joint. The faying surfaces of the materials 

are joined by plastic deformation created due to frictional heat developed at the tool shoulder-work piece interface. Due to its 

robustness, suitability, simplicity and non-requirement of additional setups, it is widely preferred for joining lightweight materials. 

Materials welded by FSW process are reported to have high strength than traditionally welded materials. Sergey Malopheyev et al 

(2016) elaborated a simple but effective approach for improving the strength by friction-stir welding (FSW) 6061-T6 aluminium 

alloys at relatively high tool rotational speed and welding speed followed by standard post-weld aging. This resulted in high 

welding temperature as well as rapid cooling rate and complete dissolution of strengthening precipitates in stir zone. The formation 

of softened region is prevented during subsequent aging resulting in enhanced strength and ductility [1]. A.K. Lakshminarayanan 

et al. (2015) used design of experiments to conduct the experiments for exploring the interdependence of the process parameters. 

A second order quadratic model for predicting the lap shear tensile strength of friction stir spot welded low carbon automotive 

steel joints was developed from the experimental obtained data. It is found that dwell time plays a major role in deciding the joint 

properties, which is followed by rotational speed and plunge depth [2]. Ramanjaneyulu Kadaganchi et al (2015) presented the 

formulation of a mathematical model with process parameters and tool geometry to predict the responses of friction stir welds of 

AA 2014-T6 aluminum alloy, viz yield strength, tensile strength and ductility and concluded most influential process parameters 

as welding speed, tilt angle and tool pin profile. A four-factor, five-level CCD was used and a response surface methodology 

(RSM) was employed to develop the regression models to predict the responses. The results indicated that the friction stir welds 

of AA 2014-T6 aluminum alloy welded with hexagonal tool pin profile have the highest tensile strength and elongation [3]. Xun 

Liu et al (2014) welded thin sheets of aluminum alloy 6061-T6 and one type of advanced high strength steel, transformation 

induced plasticity (TRIP) steel and witnessed the formation of intermetallic compound (IMC) layer of FeAl or Fe3Al with thickness 

of less than 1 μm at the Al–Fe interface in the advancing side, which can actually contribute to the joint strength. Tensile tests and 

scanning electron microscopy (SEM) results indicate that the weld nugget is dispersed with steel fragments encompassed by a thin 

intermetallic layer [4]. P. Periyasamy et al (2013) investigated the ultimate tensile strength, notch tensile strength and weld nugget 

hardness of friction stir butt welded joints of cast Al/SiCp MMCs (AA6061 with 20% (volume fraction) of SiCp). The relationships 

between the FSW process parameters (rotational speed, welding speed and axial force) and the responses (ultimate tensile strength, 
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notch tensile strength and weld nugget hardness) were established. The optimal welding parameters to maximize the mechanical 

properties were identified by using desirability approach [5]. Prakash Kumar Sahu et al (2015) optimized the process parameters 

to get better mechanical properties on friction stir welded AM20 magnesium alloy using Taguchi Grey relational analysis (GRA). 

The considered process parameters are welding speed, tool rotation speed, shoulder diameter and plunging depth. The processes 

parameters were optimized parameters were ranked based on GRA [6]. Jawdat A. Al-Jarrah et al (2014) investigated the appearance 

and the mechanical properties of friction stir welded plates with different parameters. Defect free weld is obtained at a rotational 

speed of 900 to 1300 rpm. The microstructure of the welded joint in stir zone is found to have fine equiaxed grains formed under 

high temperature and large deformation in the weld centre due to stirring process [7]. V.Balusamy and N.Rajamanickam 

investigated the effect of welding parameters on elongation of the weld. The aluminium alloy AA 2014 has been chosen for 

investigation and H-13 hot worked tool steel is chosen as the tool. He concluded that increasing TRS will increase the heat input 

which in turn increases the percentage of elongation. H.I. Dawood et al (2015) studied the effect of small tool pin profiles on the 

microstructures and mechanical properties of 6061 aluminum alloy. Three different tool pin were used to produce the joints. The 

results indicate that the triangular tool pin profile produces best metallurgical and mechanical properties compared with other tool 

pin profiles. 

II. EXPERIMENTAL PROCEDURE 

In this study, effect of welding parameters on mechanical and metallurgical properties of friction stir welded AA 8011 alloy was 

investigated by taguchi method. The chemical composition of AA 8011 aluminium alloy is given in table 1. The aluminium plates 

are cut to required sizes of (100mm x 50mm x 3mm) using power hacksaw. The surfaces of the work pieces are cleaned and placed 

in the fixture to create a butt joint configuration. A computer controlled vertical milling machine is used to carry out the 

experiments. A straight cylindrical tool made of high speed steel is attached to the spindle firmly. A number of trial runs were 

made below 900 rpm and defects like pin holes, tunnel defects were observed and defects like cracks were observed above 1200 

rpm. Similarly piping defects were observed at the stir zone when weld was made above 45 rpm and tunnel defects were observed 

on both the sides of the weld when weld was made below 35 rpm. Therefore a two factor mixed level taguchi experimental design 

is chosen with tool rotation speed ranging from 900-1000 RPM and tool traverse speed ranging from 35-40 mm/min. 

 
Fig. 1: Schematic diagram of the FSW process 

Table – 1 

Chemical Composition of AA 8011 Aluminium Alloy 
Chemical composition Fe Si Mn Mg Zn Cu Ti Cr Al 

Wt % 0.74 0.52 0.459 0.277 0.084 0.127 0.016 0.028 97.799 

Table – 2 

Mechanical Properties of AA 8011 Aluminium Alloy 

Tensile Strength (Mpa) 110 

Density (Kg/m^3) 2689 

Thermal Conductivity (W/m-k) 237 

Melting Point (C) 660.2 

Hardness (BHN) 60 

Table – 3 

Process parameters with two factors at various levels 

Process parameters Range Level 1 Level 2 Level 3 Level 4 

Tool Rotation Speed Rpm 900-1200 900 1000 1100 1200 

Traverse Speed (N/mm2) 35-40 35 40 -- -- 
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Fig. 2: Standard tensile testing specimen 

The as-welded specimens are then sliced to required dimension as per ASTM standard and subjected to tensile test. An electronic 

tensometer with a force range of 0-20 KN is used to carry out the tensile test. The specimens are held firmly between the grips and 

the testing is initiated. Macro hardness values are examined using brinell hardness testing machine. A typical 2.5mm ball type 

indenter made of high carbon steel is used to evaluate the hardness across the weld joint. A vicker’s micro hardness tester is used 

to determine the variation in micro hardness at various zones of the welded specimen. A diamond indenter is used and a constant 

load of 500g is applied. SEM image analysis is carried out at the fracture zone, stir zone and thermo-mechanically affected zone 

in order to determine the distribution of major alloying elements and the nature of fracture.   

III. RESULTS AND DISCUSSION 

 Tensile Properties: 

Tensile test is carried out in all the welded specimens and the corresponding values are tabulated. Specimen FSW1 welded at 900 

rpm and 35 mm/min produced a high tensile strength of 72.46 N/mm2 which is almost 66% of the tensile strength of base material. 

The tensile strength has decreased considerably for FSW2 when the welding speed is increased from 35mm/min to 45 mm/min. 

This could be due to the insufficient heat generated at the stir zone thereby reducing the uniform flow of material from advancing 

to retreating side. The yield strength of the specimen FSW2 has also decreased considerably. The tensile strength of the specimen 

rises up to 90.99 N/mm2 when the tool rotation speed is increased from 900 rpm to 1000 rpm attaining a joint efficiency of 83%. 

Further increase in tool rotation speed and tool traverse speed has yielded lower tensile values than the base metal. Specimen FSW8 

recorded the highest percentage of elongation with 28.60% as compared to other specimens. The stress-strain curves of tensile 

tested specimens are shown collectively in figure 4. The influence of factors on response is measured by calculating the means and 

SN ration for each control factors. Since the objective is to maximize the tensile strength, larger the better characteristics is chosen. 

SN ratio in taguchi method helps us to measure the deviation in quality characteristics from the actual desired value. The formula 

used for calculating the SN ratio is given below where n denotes the number of tests, Yijk is experimental value of ith quality 

characteristics in jth experiment at kth test. From figure 3 it can be easily conferred that maximum tensile strength is attained at a 

tool rotation speed of 1000 rpm and traverse speed of 35 mm/min. 

 

  
(a)                         (b) 

Fig. 3: (a) Response graphs (means) for tensile strength, (b) Response graphs (S/N ratio) for tensile strength 
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Table – 4 

Mechanical properties of welded specimens 

specimen 

no 

Tool Rotational speed 

(Rpm) 

welding speed 

(mm/min) 

Tensile strength 

(N/mm2) 

yield strength 

(N/mm2) 

% of 

elongation 

S/N 

Ratio 

FSW1 900 35 72.46 43.47 15.61 
37.202

0 

FSW2 900 40 34.87 20.92 12.97 
30.849

0 

FSW3 1000 35 63.75 38.24 17.79 
36.089

6 

FSW4 1000 40 90.99 54.59 14.19 
39.179

9 

FSW5 1100 35 47.95 28.76 14.39 
33.615

8 

FSW6 1100 40 39.23 23.53 14.05 
31.872

4 

FSW7 1200 35 74.1 44.45 16.67 
37.396

4 

FSW8 1200 40 49.58 29.74 28.60 
33.906

1 

 
Fig. 4: Stress vs Strain 

 
Fig. 5: Tensile strength of welded specimens to that of base metal 

From figure 5, it is conferred that the yield strength of specimen FSW1, FSW3, FSW4 and FSW7 are greater than the yield 

strength of base material. Figure 6, shows the percentage of elongation obtained by the as welded specimens from the tensile test. 

It is understood that the heat input has strongly influenced the percentage of elongation. The reason for decrease in ductility could 
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be due to increase in strain hardening rate. The formation of onion rings have been witnessed at the stir zones of all the specimens 

with inclusions at the top. All the specimens have fractured at the stir zone with significant necking. 

 
Fig. 6: percentage of elongation of welded specimens to that of base metal 

 Macrohardness: 

Hardness values are being measured across the weld zone to investigate the influence of welding parameters. A brinell hardness 

testing machine fitted with high carbon steel indenter of 2.5 mm at a constant load of 187.5 kg is used to measure the hardness. 

From figure 7, it is evident that the hardness value of all the specimens increases slightly at the stir zone and decreases at other 

zones on both retreating and advancing sides. It is interesting to note that there is no variation in hardness values at TMAZ, HAZ 

and base metal zones at advancing side. The hardness values at the stir zone had gone up to 155 BHN .This could be due to 

refinement of grains at the stir zone under the influence of rise in temperature at the tool shoulder- work piece interface necessary 

to create the flow of materials. 

 
Fig. 7: Macro hardness at different regions of welded specimen 

 Microhardness: 

A typical vicker’s micro hardness tester is used to measure micro hardness variation across the joint. a constant load of 300 g is 

applied. The distance between successive indentations is 10mm. Figure 8, shows the value of micro hardness of specimens FSW4 

and FSW2 across the weld zone. The value remains higher at the stir zone and decreases suddenly at TMAZ zone at retreating 

side. Both the specimens FSW2 and FSW4 show a similar hardness profile across the weld despite a huge variation in tensile 

strength attained by both the specimens. From the above result it can be easily interpreted that the ductility of the welded specimens 

would exhibit a very low ductility than the base material 
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Fig. 8: Micro hardness at different regions of welded specimen 

 Sem Analysis: 

TMAZ and stir zones of specimen FSW4 are chosen for SEM image investigations. Figure 9a shows the presence of Al-Fe-Si 

particles that are widely distributed across the stir zone. The particles are evenly suspended and the surface almost appears like a 

pile of threads bonded tightly with tiny pores and microcracks on its surface. Figure 9a and b shows the SEM images of TMAZ 

and SZ of specimen FSW4. Figure 9c shows the variation in size of particles at TMAZ zone. The presence of voids were also 

observed which acts as region of stress concentration. The morophology of TMAZ zone is quite different from that of stir zone 

and small number of microcracks were observed at the upper part of the zone as shown in figure 9 c. 

  
(a) (b) 

 

 

(c) 

Fig. 9: SEM image of FSW4 (a),(b) Stir zone, (c) TMAZ 

 Fractography Analysis: 

The fractured surfaces of the specimen after tensile testing were studied using SEM technique. Figure 10 shows the SEM image 

of Specimen FSW4 obtained from the fracture surface. Specimen FSW4 welded at 1000 rpm and 40 mm/min is chosen for 

fractographic analysis. A cloud like pattern is observed in the fracture zone. Necking is observed in the specimen and the presence 

of deeper dimples, ridges and microscopic voids witnessed in the fracture surface clearly indicates that the mode of fracture is 

partially ductile and partially brittle in nature. The microvoids grow and forms a continuous fracture surface due to increase in 

voids 

Al-Fe-Si 
particles 

cracks 
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strain rate. Figure 11 illustrates the typical fracture surface of specimen FSW4. EDS analysis at the fracture zone shows the 

presence of major elements like Al-Fe along with some foreign elements which is shown in figure 12. 

 

 

 

 

(a) (b) 

Fig. 10: (a, b) SEM image of fractured region of specimen FSW4 

 

Fig. 11: Fractured surface of specimen FSW4 

 
Fig. 12: EDS pattern analysis of fractured surface of specimen FSW4 
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Fig. 13: percentage of elements at fractured zone 

IV. CONCLUSION 

In this work an attempt has been made to study the influence of FSW process parameters on AA 8011 alloy and to optimize the 

process parameters by taguchi method.  From the above study the following conclusions are derived: 

1) Of the eight specimens analyzed in this investigation, specimen FSW4 produced a very high tensile strength of 90.99 N/mm2 

and the joint efficiency lies around 83%. 

2) The hardness values at the stir zone remain higher than at other zones due to increase in heat input at the stir zone caused by 

the stirring action of the tool. 

3) A maximum tensile strength (90.99 N/mm2) is obtained with optimum process parameters (tool rotation speed, 1000 rpm and 

traverse speed 40 mm/min). 
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