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Abstract In this work butt joints were made on AA1100 aluminum alloy using Friction stir welding technique. To obtain strongly bonded weld, the process parameters like 
profile of tool pin (Cylindrical and threaded tool profile), feed rate of table, inclination of tool, and tool rotation were selected. The parameters thus selected were taken in 
various levels and in different combinations.The experiments were conducted as per Taguchi L18 mixed orthogonal array design. The process parameters were optimized 
using Grey Relational Analysis. The optimum process parameters were obtained while using threaded profile with 1200 rpm, tool speed 25 mm/min, movement of the table 
with 2° tool angle. For this optimized combination, the weld zone produced a maximum of 92.9% of tensile strength, 50.8% of elongation and 91.6% of hardness values 
compared with the values of the properties of the base material. ANOVA shows that welding speed is a more dominant factor due to the increasing frictional heat generation 
as well as flow properties of materials in stirred zone. 
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1 INTRODUCTION  

 
Materials like aluminium, magnesium and their alloys 

are employed in many industries for structural, electrical, 
ship building applications taking advantage of their low 
density, which leads to improved efficiency, with less fuel 
consumption. They exhibit high corrosion resistivity, good 
formability etc., [1]. In the earlier decades conventional 
metal joining techniques such as Submerged arc welding 
(SMAW), Electroslag, welding etc, were employed, with 
some drawbacks. Many researchers have made efforts to 
improve the optimum performance of the weld joint, 
especially aluminum and its alloys and revealed that the 
efficiency is reduced due to dilution, distortion, and 
residual stresses. Technological advancements, in the 
recent era have helped manufacturers to improve the 
quality of welded joints for light metals [2]. Among the 
latest methods a solid-state friction stir welding technique 
(FSW) is a promising  method [2] which was first patented 
at The welding institute-Cambridge in 1991 [3]. In this 
method, joining was carried out in the absence of 
autogenous, homogeneous and heterogeneous, shielding 
gases like argon/helium and also it will not create toxic 
environment [4, 5]. Properties of the joints of 
similar/dissimilar materials are based on dynamic 
recrystallization in the weld zone. Maximum deformation 
happens due to the plasticization in the stirred area [6, 7]. 
Researchers in FSW have reported that stirring and 
intermixing of material at the interface region increases 
with an increase in rotational speed [8]. The grain size in 
stirred zone is also influenced by increasing rotating speed 
[9]. Works in friction stir welding of AA1050 alloy have 
identified that the increment in rotational speed and 
decrement in traversing speed result in the grain growth in 
the weld nugget [10]. It has been inferred that medium tool 
rotation and traversing speed produces finer grains in the 
stirred zone [11]. Tool angle provides additional thrust 
force and heat input in the traversing direction of tool [12]. 
Tool pin is the main factor to stir the materials in the 
interface region [13]. A notable work on the behaviour of 
AlSi1MgMn on friction stir welded joints has reported that 
the weld quality is controlled by the geometry of the tool, 
traverse speed and rotation speed [14]. Experiments, 
designed with the help of Taguchi technique at an 
orthogonal array of L16, were conducted in large numbers 
on AA5083 plates. A comprehensive ANOVA was 

performed with the results of conducted experiments, in 
order to find the optimum process parameters. Outcomes 
from the analyses reveal that the tilt angle followed in 
welding and the rotational speed contribute to a good 
tensile strength [15]. Parametric optimization has been 
done using Grey relation analysis (GRA) on AA1050 stir 
welded joints. Micro, and macroscopic examinations 
showed that fractures occurred at the nugget zone when the 
levels of parameters were in minimum condition, Taguchi 
method with GRA provided the optimal combination for a 
good quality FSW joints [16]. The effects of process 
parameter such as pin offset, tool offset and position of 
alloys were analysed using statistical tool ANOVA [17]. 
Defect free welded joints have been observed in dissimilar 
aluminum alloys through friction welding methods [18]. 
The responses on mechanical properties and grain analysis 
on FSW processed AA2017 plates were studied in detail 
and the results were explored. Maximum Grain refinement 
of 8 microns was measured on the contact area of the tool 
[19]. Dual tool rotational speed in FSW was implemented 
in the experimentations and it has been identified that the 
heat input at the weld zone induces important effects in the 
output characteristics [20]. FSW process was utilized to 
join Al-Li 2099 materials, parametric analysis was carried 
out for varied inputs. High UTS was observed at high table 
traverse speeds. It has been observed that the UTS of joints 
is almost equal to 75%  of the base metalꞌs properties [21]. 
Influence of tool geometry on FSW process was studied on 
aluminum alloy, up to 20 microns have been obtained in 
stirred zone using frustum profile tool [22]. Dissimilar 
materials of Mg-AZ31B/Al-AA6061 joined using Stir 
welding process were analyzed and their effects on the 
process parameters were studied. Plastic deformation 
occurs intensively at high traverse and rotation of the tool 
[23]. Symmetric and asymmetric SFSW & DFSW 
processes were conducted for various tools with different 
conical angles to enhance the weld strength. During DFSW 
process the tensile strength obtained at the joint was 84.8%  
of the base metal and the conical angle was maintained at 
10° [24]. Grain size  prediction  on AA6061 alloy  on FSW 
process was done using ABAQUS and recrystallization 
changes were observed in the central region [25]. 

 Effects of geometry of tool in FSW were analyzed for 
UTS on AA7075-T6 material. Taguchi L9 array was used 
for experimentation with conical and square tool. 
A maximum UTS of 311.40 Mpa in square tool has been 
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identified [26]. From the literature review it is obvious that 
few works were reported on the effect of welding 
parameters on the properties of weldments. Scanty works 
were observed in the literature on AA1100 weld joint 
which has several applications such as bus bar, fabrication 
works etc., Hence, this work has been carried out to study 
the influence of each and every parameter on the properties 
of joints made on AA1100 plates. AA1100 alloys have 
been chosen owing  to their moderate strength and they are 
widely being applied in sheet metal works. Movement of 
table/welding speed, geometry of pin profile, and 
inclination of the tool were taken as welding parameters. 
For evaluating mechanical properties, tensile and hardness 
measurements were carried out. To analyze the effects of 
the parameters, Grey Relational Analysis (GRA) with 
analysis of variance (ANOVA) has been employed. 

 
2 METHOD OF EXPERIMENTATION  

  
The current research work involves the FSW on 

AA1100 parent material having dimensions of 100 × 100 
× 6 mm thickness.The different elements that constitute the 
AA1100 alloy and their physical behaviour are given in 
Tabs. 1 and 2. The Experiments were carried out on FSW 
machine which was made by RV machine tool Coimbatore. 
The number of experimental runs is based on Taguchi L18 
design. Two different tool profiles, such as cylindrical and 
threaded tools, were employed. They were made of H13 
steel with a shoulder diameter of 18 mm and a length of 
100 mm, and a pin diameter of 3.8 mm and a length of 5 
mm with FSW process as shown in Fig. 1a, b. Tool pin 
geometry influencing the FSW process has been 
demonstrated in previous studies. From earlier studies it 
has been identified that geometry of tool pin influences the 
FSW process [27]. 
 

Table 1 Alloying elements of the base metal (wt. %) 
Zn Mn Cu Si + Fe Remaining Al 
0.1 0.04 0.1 0.92 0.1 Balance 

 
Table 2 Physical properties of base metal 

Yield Strength 
/ Mpa 

Ultimate Tensile 
Strength / MPa 

Elongation 
in / % 

Hardness 
/ HV 

105 110 12 60 

 
The input/Control welding parameters and their levels 

show the significant properties on the weld joints. Hence 
welding parameters such as tool speed, movement of the 
table, inclination of tool and geometry of tool pin were 
selected. The three different levels of control parameters 
used in this experimental investigation are shown in        
Tab. 3.  
 

Table 3 Process input in Friction stir welding Machine 
Parameter Symbol Level 1 Level 2 Level 3 

Geometry of the 
tool pin 

P Cylinder Threaded - 

Tool Speed / 
rpm 

N 800 1000 1200 

Table 
speed/welding 

speed / mm/min 
F 25 35 45 

Inclination of 
tool / ° ∅ 1 1.5 2 

 
The performance indicators selected for the study are 

ultimate tensile strength, percentage of elongation and 

hardness of the weld. The tensile and hardness specimen 
was prepared as per ASTM-E8 standards, through wire-cut 
EDM process shown in Fig. 2. To study the effects in the 
structure of grains, optical microscopy study was 
conducted by etching through reagent and polishing 
through different grades of emery sheets.  For observing 
the tensile strength at the stirred zone of the specimens 
Electromechanical testing machine of capability (MTS 
Insight) equal to 100kN was employed.  

 

 
Figure 1 a) Geometry of pin profile; b) Friction stir welding process 

 

 
Figure 2 a) Standard tensile specimen as per ASTME; b) Several specimens 

after tensile testing 
 
The hardness value was measured using Vickerꞌs 

microhardness tester (Sumitra Enterprises, New Delhi). 
For each sample, microhardness was measured at three 
places for each sample and the average was taken. It is 
essential to optimize the chosen input parameters to obtain 
maximum performance that can be achieved from the 
process. Optimization of FSW process parameters has been 
done by many researchers to obtain maximum tensile 
strength, hardness, and other mechanical properties using 
techniques such as GRA, ANOVA, ANN24-27. 
 
3 RESULTS AND DISCUSSION 
 

The investigation has been conducted based on L18 
OA design and the results of tensile strength, percentage of 
elongation, and hardness obtained at different levels of 
input combinations are given below in Tab. 4. During the 
tensile test it has been identified that the samples are 
fractured in weld zone and Thermo-mechanically heat 
affected zone (TMAZ). The maximum tensile strength of 
108.45 MPa has been recorded in 16th trail as shown in     
Fig. 3a. The parametric combinations are as follows: 
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Threaded profile, Rotational speed 1200 rpm, traverse 
speed 25 mm/min and tilt angle 2°. The maximum 
observed strength may be due to the dynamic 
recrystallization of grains and minimum traverse 
speed/movement of the table. They plasticize the interface 
of metals and this value is found to be 92.9% of the base 
alloyꞌs tensile strength value. The minimum value of UTS 
obtained in this experimentation is 68.85 MPa, for trail 
number 6 (Cylinder profile: 1000 rpm; 45 mm/min; 20 
angle). The percentage of elongation of the welded region 
got decreased considerably as shown in Fig. 3b. The 
highest percentage of elongation obtained through the 
optimum combination is 6.1% which is 50.8% of the parent 
metal value. The large decrement in the value of percentage 
of elongation can be attributed to the welded region 
becoming more inhomogeneous due to insufficient 
recasting of material flow. The maximum value of Vickers 
hardness obtained from the weld nugget area is 55HVfor 
an optimum parametric combination. This value is 91.6% 
of the base materialꞌs hardness value. 

 
Table 4 Experimental results 
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1 Cylinder 800 25 1 99.45 4.2 52 
2 Cylinder 800 35 1.5 82.35 3.7 45 
3 Cylinder 800 45 2 71.65 3.1 36 
4 Cylinder 1000 25 1 84.65 4.1 47 
5 Cylinder 1000 35 1.5 79.45 3.2 38 
6 Cylinder 1000 45 2 68.85 2.8 34 
7 Cylinder 1200 25 1.5 102.2 5.8 54 
8 Cylinder 1200 35 2 92.25 3.8 49 
9 Cylinder 1200 45 1 80.65 3.1 42 
10 Threaded 800 25 2 90.25 3.9 46 
11 Threaded 800 35 1 80.25 3.1 43 
12 Threaded 800 45 1.5 74.25 2.9 37 
13 Threaded 1000 25 1.5 100.2 5.4 54 
14 Threaded 1000 35 2 84.25 3.9 43 
15 Threaded 1000 45 1 70.25 3.4 35 
16 Threaded 1200 25 2 108.4 6.1 55 
17 Threaded 1200 35 1 86.25 3.8 43 
18 Threaded 1200 45 1.5 72.25 3.1 35 

 
The nugget shows a series of circular marks 

throughout the length of the weld and these are also 
referred to as onion rings [28]. It was observed in the 
welded joints that the plastically deformed material 
flowing out from under the shoulder causes "lateral flash". 
This defect may weaken the behaviour of the weld. The 
lateral flash occurs in the specimens that were subjected to 
lower values of tool speed and higher tool feed rates. The 
lateral flow of material (lateral flash) was found to be less 
in samples which were joined at higher speeds and lower 
feeds [29].   

 
4 GRA RESULTS 
 

The proposed research work aims to improve the joint 
qualities of FS welded AA1100 alloy joints by improving 
the output quality characteristics at a maximum level.  
According to the GRA theory, initially all the output 
quality parameters were normalized for "Larger the better" 

by using Eq. (1). After normalization, using Eq. (2) GRC 
and GRG were calculated and they are presented in Tab. 5. 

 
Table 5 Normalization, GRC & GRG  

Exp. 
No. 

Normalization Grey Co-efficient 
GRG 

UTS 
% of 

Elongation 
Avg. 
HV 

UTS 
% of 

Elongation 
Avg. 
HV 

1 0.773 0.424 0.857 0.688 0.465 0.778 0.643 
2 0.341 0.273 0.524 0.431 0.407 0.512 0.450 
3 0.071 0.091 0.095 0.350 0.355 0.356 0.354 
4 0.399 0.394 0.619 0.454 0.452 0.568 0.491 
5 0.268 0.121 0.190 0.406 0.363 0.382 0.383 
6 0.000 0.000 0.000 0.333 0.333 0.333 0.333 
7 1.000 0.909 0.952 1.000 0.846 0.913 0.920 
8 0.591 0.303 0.714 0.550 0.418 0.636 0.535 
9 0.298 0.091 0.381 0.416 0.355 0.447 0.406 
10 0.540 0.333 0.571 0.521 0.429 0.538 0.496 
11 0.288 0.091 0.429 0.413 0.355 0.467 0.411 
12 0.136 0.030 0.143 0.367 0.340 0.368 0.358 
13 0.793 0.788 0.952 0.707 0.702 0.913 0.774 
14 0.389 0.333 0.429 0.450 0.429 0.467 0.448 
15 0.035 0.182 0.048 0.341 0.379 0.344 0.355 
16 0.843 1.000 1.000 0.762 1.000 1.000 0.921 
17 0.439 0.303 0.429 0.471 0.418 0.467 0.452 
18 0.086 0.091 0.048 0.354 0.355 0.344 0.351 

 
The calculated values were ranked with respect to 

GRG values, from maximum to minimum among the 18 
trail experiments with proximity coefficients and the order 
is: 16 > 7 > 13 > 1 > 8 > 10 > 4 > 17 > 2 > 14 > 11 > 9 > 5 
> 12 > 15 > 3 > 18 > 6 which is represented in Tab. 5. It 
can be observed that the "trail no 16" is producing the best 
results having the highest grey relational grade of 0.921. 
 
4.1 Response Table for GRG and Main Effects Plot for 

Means 
 
The significance of each welding parameter can be 

presented by means of the response table and the graph of 
grey relational grade which are given in Tab. 6 and Fig. 4 
respectively. The response graphs of grey relational grade 
show the change in the response when the factor level goes 
higher from level 1 to level 3. 

 
Table 6 Response table for GRG 

Level 
Geometry 
of the tool 

pin, P 

Tool Speed, 
N / rpm 

Welding 
speed / 

Movement of 
Table, F / 
mm/min 

Inclination of 
the tool, θ / ° 

1 0.5017 0.4522 0.7075 0.4598 
2 0.5074 0.4642 0.4467 0.5395 
3 - 0.5973 0.3595 0.5144 

Delta 0.0057 0.1451 0.3480 0.0797 
Rank 4 2 1 3 

 

 
Figure 4 Response graph for GRG 
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The results from Tab. 6 and Fig. 4 reveal that the 
optimal welding parameter set for the welding of 
Aluminium alloy (AA1100) is P2N3F1θ3 by applying 
maximum performance which can be achieved. The results  
ascertain that the highest tool speed (1200 rpm), lowest 
movement of the table (25 mm/min) threaded tool pin 
profile with a maximum tool inclination of 2° produce 
better quality welded joint.  
 
4.2 Analysis of Variance for GRG 
 

Analysis of variance has been used for the obtained 
GRG. Based on the ANOVA results, it has been observed 
that the welding speed (feed) is the most significant 
welding parameter followed by the tool rotational speed 
that has a lesser influence on the multiple performance 
characteristics and it can be seen in Tab. 7.  

 
Table 7 ANOVA for GRG 

Source DF Adj. SS Adj. MS 
F-

value 
p-

value 
% 

Contribution 
Geometry 

of Pin 
Profile, P 

1 0.000145 0.000145 0.01 0.910 0.024 

Tool Speed, 
N 

2 0.077795 0.038898 3.58 0.067 12.968 

Welding 
speed, F 

2 0.393441 0.196721 18.11 0.000 65.584 

Inclination 
of tool, θ  

2 0.019926 0.009963 0.92 0.431 3.321 

Error 10 0.108596 0.010860 - - 18.102 
Total 17 0.599904 - - - 100 

 
The welding speed has the highest contribution 

(65.6%) to the total variability compared with the other 
parameters. 
 
4.3 Confirmation Experiment for GRA Optimum 

Combination  
 

 It is identified that confirmation test coincides with 
optimized results. At the highest tool rotational speed of 
1200 rpm,  lowest welding speed of 25 mm/min and at a 
tool angle of 2°, the cylindrical tool pin profile provides 
108.45 MPa of UTS, 5.9% of elongation, and a hardness of 
55 HV. It is also seen from the table that the grey relational 
grade obtained at optimum welding parameter is higher 
than that of 16th experiment of the orthogonal array. The 
predicted GRG can be estimated by using Eq. (4) given 
below: 
 

 
1

n

m i m
i

̂   


            (1) 

 
where m is total mean of GRG,  is optimal level at each 

response. 
 

Table 8 Confirmation test 

 
Initial 

parameter 
Optimal Parameter 

Prediction Experiment 
Setting level P1N1F1θ1 P2N3F1θ3 P2N3F1θ3 

UTS 99.45 -- 102.52 
POE 4.2 -- 5.9 
HV 52 -- 57 

GRG 0.643 0.836 0.923 
Improvement in GRG = 0.280 

4.4 ANOVA Results of UTS, POE, and HV 

 
Regression model is developed using statistical 

software package MINITAB19, based on the selected 
criterion of process parameters co-efficient are evaluated 
through observed linear model and their results of ANOVA 
are presented in Tabs. 9 to 11. 
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 (4) 

 
Table 9 ANOVA for UTS 

Source DF Adj SS Adj MS F-value p-value 
Model 13 2167.30 166.715 3.06 0.145 
Linear 4 1193.52 298.379 5.48 0.064 

P 1 4.06 4.063 0.07 0.798 
N 1 120.67 120.666 2.22 0.211 
F 1 974.51 974.509 17.90 0.013 
θ 1 0.89 0.886 0.02 0.905 

Square 3 125.43 41.809 0.77 0.569 
NꞏN 1 103.08 103.076 1.89 0.241 
FꞏF 1 7.62 7.624 0.14 0.727 
θꞏθ 1 15.92 15.925 0.29 0.617 

2-Way 
Interaction 

6 50.85 8.474 0.16 0.977 

PꞏN 1 7.07 7.066 0.13 0.737 
PꞏF 1 9.68 9.682 0.18 0.695 
Pꞏθ 1 0.15 0.147 0.00 0.961 
NꞏF 1 13.12 13.123 0.24 0.649 
Nꞏθ 1 19.04 19.036 0.35 0.586 
Fꞏθ 1 1.02 1.025 0.02 0.897 

Error 4 217.72 54.431 - - 
Total 17 2385.02 - - - 

 

 
Figure 5 Residual plot for UTS 

 
The consistency and dominant parameters are 

identified with better R2 value. Predicted R2 and Adj. R2 
indicate the better outcomes with high accuracy. Based on 
ANOVA analysis, R2 has been measured for all three 
output parameters. For UTS, R2 = 90.87%, POE, R2 = 
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94.32% and HV, R2 = 91.63%. Based on the R2, the 
experimental order showed the high confident level of 
model with percentage of 90% is significant. 
 

Table 10 ANOVA for POE 
Source DF Adj SS Adj MS F-value p-value 
Model 13 15.4353 1.18733 5.11 0.064 
Linear 4 7.3100 1.82750 7.87 0.035 

P 1 0.0003 0.00029 0.00 0.973 
N 1 1.0544 1.05436 4.54 0.100 
F 1 5.7097 5.70974 24.58 0.008 
θ 1 0.0001 0.00007 0.00 0.987 

Square 3 0.7939 0.26464 1.14 0.434 
NꞏN 1 0.0006 0.00055 0.00 0.963 
FꞏF 1 0.6985 0.69851 3.01 0.158 
θꞏθ 1 0.1078 0.10779 0.46 0.533 

2-Way 
Interaction 

6 1.8386 0.30644 1.32 0.412 

PꞏN 1 0.3439 0.34395 1.48 0.291 
PꞏF 1 0.0507 0.05071 0.22 0.665 
Pꞏθ 1 0.0031 0.00306 0.01 0.914 
NꞏF 1 1.0852 1.08523 4.67 0.097 
Nꞏθ 1 0.1265 0.12653 0.54 0.501 
Fꞏθ 1 0.2633 0.26327 1.13 0.347 

Error 4 0.9291 0.23228 - - 
Total 17 16.3644 - - - 

 

 
Figure 6 Residual plot for % of Elongation 

 
Table 11 ANOVA for HV 

Source DF Adj SS Adj MS F-value p-value 
Model 13 770.569 59.275 3.36 0.126 
Linear 4 375.869 93.967 5.33 0.067 

P 1 1.648 1.648 0.09 0.775 
N 1 23.270 23.270 1.32 0.315 
F 1 304.160 304.160 17.25 0.014 
θ 1 8.354 8.354 0.47 0.529 

Square 3 33.561 11.187 0.63 0.631 
NꞏN 1 30.769 30.769 1.74 0.257 
FꞏF 1 1.352 1.352 0.08 0.796 
θꞏθ 1 1.457 1.457 0.08 0.788 

2-Way 
Interaction 

6 43.569 7.261 0.41 0.841 

PꞏN 1 1.395 1.395 0.08 0.792 
PꞏF 1 17.885 17.885 1.01 0.371 
Pꞏθ 1 2.353 2.353 0.13 0.733 
NꞏF 1 8.119 8.119 0.46 0.535 
Nꞏθ 1 26.380 26.380 1.50 0.288 
Fꞏθ 1 0.077 0.077 0.00 0.951 

Error 4 70.542 17.636   
Total 17 841.111    

 
The Variance in ANOVA for UTS, POE, and HV is 

given in Tab. 12. From the table it is identified that 
movement of the table dominated and influenced 76.11%, 
67.82%, and 77.71% on UTS, POE and HV respectively.  
The residual plot for UTS, POE and HV is shown in Figs. 
5 to 7. These figures show that the data closely fall on the 

straight line which means that the errors are distributed 
normally. 
 

 
Figure 7 Residual plot for HV 

 
Table 12 ANOVA results 

Source DF Adj. SS Adj. MS 
F-

value 
p-

value 
% of 

Contribution 
Ultimate Tensile Strength (UTS) 

Tool Pin 
Profile, P 

1 2.90 2.904 0.11 0.749 0.12 

Tool 
rotational 
Speed, N 

2 280.56 140.279 5.23 0.028 11.72 

Welding 
speed, F 

2 1822.55 911.273 33.95 0.000 76.11 

Tool Angle, 
θ 

2 20.05 10.025 0.37 0.698 0.84 

Error 10 268.41 26.841   11.21 
Total 17 2394.47    100.00 

% of Elongation (POE) 
Tool Pin 
Profile, P 

1 0.1422 0.1422 0.56 0.473 0.92 

Tool 
rotational 
Speed, N 

2 1.7811 0.8906 3.48 0.071 11.49 

Welding 
speed, F 

2 10.5144 5.2572 20.54 0.000 67.82 

Tool Angle, 
θ 

2 0.5078 0.2539 0.99 0.405 3.28 

Error 10 2.5589 0.2559   16.50 
Total 17 15.5044    100.00 

Micro Hardness (HV) 
Tool Pin 
Profile, P 

1 0.889 0.889 0.07 0.793 0.10 

Tool 
rotational 
Speed, N 

2 74.778 37.389 3.07 0.091 8.40 

Welding 
speed, F 

2 691.444 345.722 28.36 0.000 77.71 

Tool Angle, 
θ 

2 0.778 0.389 0.03 0.969 0.09 

Error 10 121.889 12.189   13.70 
Total 17 889.778    100.00 

 
ANOVA Tab. 12 shows that the welding parameter, 

namely the movement of the table has a greater influence 
on the weld joint, percentage of elongation, and hardness, 
whereas tool pin profile and tool angle do not affect the 
properties of joints significantly. 
 
5    MICROSTRUCTURAL STUDY OF WELDED ZONE 
 

The analysis of the experimental results has shown that 
the welded region cannot attain the property values of the 
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base material. The attainment of lower values can be 
attributed to the various defects that occur in the welded 
area. There are many defects such as lateral flashes, tunnel 
defects, kissing bond cracks, formation of clusters, 
precipitation, and development of pores that are associated 
with FSW process. As this process involves both heat 
energy and mechanical force, there are many factors that 
might cause defects.  
 

 

 
Figure 8 Metallurgical images on FSW Weldment (a, b, c) 

 
The inadequate heat generation and insufficient 

forward metal flowing i.e. not so substantial metal that 
flows in the upward direction are the few other intricacies 
of the process. A few other factors that create such defects 
are shortfall observed in the plasticization of material at 
some portions, minimized stirring causing poor metallic 
bonds, hardening of weld zone material due to excess heat 
and finally the scarce or excess friction which can 
significantly affect the quality of the weld [30]. The micro-
photograph of the welded zone taken under optical 

microscope clearly shows the grain refinement in the 
nugget zone with plastic deformation marks. The nugget 
zone micro-structure and parent metal are shown in Fig. 8. 
Compared with the grain orientation of the base material, 
it is clear that the weld zone contains fine grained micro-
structures that are formed due to the recrystallisation 
temperature and application of mechanical force. The 
nugget zone normally contains fine grained structures in 
aluminium alloys. It has been observed by earlier 
researchers that these are not sub-grain formations but new 
recrystallized grains formed due to available heat and 
mechanical compression [31]. 

Tab. 5 shows that there are no great differences in the 
properties of weldments while changing the profile of the 
pin which means that the cylindrical as well as threaded pin 
profiles generate almost the same amount of heat during 
joining. On the other hand, Tool Rotational Speed (rpm), 
Welding Speed (mm/min) and Tool Angle (degree) 
contribute significantly in the generation of heat during 
welding. Tool Rotational Speed decides the frictional heat 
generation in the weld zone. At the same time, Welding 
Speed decides the contact time and Tool angle controls the 
thrust force of the tool against the plates [32]. Out of 18 
experiments, the seventh experiment gives better tensile 
strength. This is due to higher rotational rate (1200 rpm), 
lower welding speed (25 mm/min) and moderate thrust 
force (1.5 degree) causing high heat generation when 
compared with the other combination of welding 
parameters. This heat input produced sufficient plastic 
deformation, recrystallization, and intermixing which 
improve the bonding force at the weld zone. As a result, 
better tensile strength has been observed. This 
recrystallization process produced finer grains at the stirred 
zone Fig. 8a which resulted in higher hardness. Finer grains 
with better bonding force improve the ductile property of 
the material at the stirred zone. Hence, better elongation 
property has been established.  

Out of 18 experiments, sixth experiment gives poor 
joint properties (Tab. 4). Moderate rotational rate (1000 
rpm), higher welding speed (45 mm/min), and higher thrust 
force (2 degree) produced very low heat generation during 
welding. This lower heat input produced insufficient 
plastic deformation, due to which larger pieces of AA1100 
were scratched during the rotation of tool, Fig. 8b. These 
harder scratched pieces experienced the difficulty in 
flowing into interface region, which resulted in the poor 
mixing of materials and the excessive thrust force pulled 
out the materials excessively in the weld region. This 
caused poor diffusion and hence, more unmixed regions 
and volume defects have been observed at the weld nugget, 
Fig. 8c, and also this low heat input was not enough to 
produce the recrystallization which produced coarsened 
grains. As a result, poor hardness is observed. Because of 
unmixed regions and volume defects in the weld zone, 
fracture occurred shortly when a tensile load was applied. 
This is an indication of poor elongation property. 
 
6 CONCLUSIONS 
 

By the application of friction stir welding process with 
selected input parameters, the optimized conditions were 
obtained through GRA multi-response optimization 
technique to attain maximum mechanical properties such 
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as ultimate tensile strength, percentage elongation, and 
micro-hardness.  The factor that contributes dominantly in 
the process was also found out by analysis of variance. 

ANOVA showed that the parameter welding speed had 
a greater influence on the joint properties, whereas tool pin 
profile had the least influence on the joint properties. The 
micrographical images show the same pattern of grain 
refinement or recrystallization irrespective of the tool 
profile being used. All the parameters influence the pocess 
quite significantly. 

The cylindrical pin profile with 1200 rpm rotational 
rate, 25 mm/min welding speed, and 2° tool angle exhibited 
better mechanical properties. This was due to the 
generation of sufficient heat as well as sufficient plastic 
deformation and effective stirring of materials at weld 
nugget.  

At the same time, the cylindrical pin profile with 1000 
rpm rotational rate, 45 mm/min welding speed, and 2° tool 
angle resulted in poor mechanical properties. This was due 
to the insufficient heat generation and plastic deformation 
and poor mixing of materials at weld nugget. 
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