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The friction stir welding of AA1100 aluminium alloy is experimentally investigated and analysed in this work. The weld quality
of FSW is analysed and optimized for the welding process parameters such as weld speed, tool rotational speed, tool pin
geometry and axial load in this work. The tensile strength of the welded specimen is considered as the response and response
surface methodology is used here to establish a relationship between the factors and the response. In this work a mathematical
model using the multiple regression equations for friction stir welded aluminium plates are established and analysed using
ANOVA. It is observed that the tool pin shape with square geometry contributes to higher tensile strength when compared
to the other tool pin profiles. Also it is seen that as the feed and axial load increases there is an increase in tensile strength of
the welded specimen.
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Introduction maximum weld strength and minimum corrosion level
for pure aluminum alloy [6]. The microstructure of the
In development of Friction stir welding, the design of weld zone and tensile, hardness impact changes with
tool profile was extendedly reviewed by several re- respect to the controls on rotating speed and welding
searchers. The critical overview of FSW of aluminum speed are investigated [7].
alloys and the process of welding is demonstrated [1]. Better material flow will produce the sound weld
The FSW effect on aluminium matrix composites and when threaded pin profile tool is used in the process of
the microstructure, tool wear on aluminium matrices FSW. It is also observed that this pin produces no
due to presence of reinforcement materials are described defects in the stir zone. In addition fine grain size
[2]. The FSW tools such as tool materials, geometry, obtained and it increases the tensile strength and TMAZ
withstand of load, and cost are also important input and HAZ regions size are reduced [8]. FSW using
parameters, and different type of tool profiles are Response surface methodology technique and the
modified to study the microstructure and mechanical relationship between the process parameters and response
properties of joints [3]. The numerical optimization of are established [9]. The results indicated that high
friction stir welding and its challenges are investigated tensile strength and percentage of elongation was
[4]. Studies on development of mathematical analysis obtained from hexagonal tool pin, while the usage of
of FSW are conducted and it is reported that accurate conical tool pin produces the low tensile strength and
and reliable numerical analysis of FSW is difficult task elongation. The FSW process for the dissimilar aluminum
because of different combination of factors influenced alloy are investigated and developed statistical model
by joints [5]. Trial and error methods and hands-on using Response surface methodology to predict the
experience based selection do not produce sound joints. parameters such as rotational speed, traverse speed,
Therefore the researchers focus on optimization technique axial load and responses identical weld strength, yield
which is applied to control the input parameters becomes strength, and percentage of elongation [10].
essential. This work analyzes the weld parameters using The Grey Relation Analysis (GRA) and Technique
different optimization research methodologies such as Order Preference by Similarity to Ideal Solution (TOPSIS)
Taguchi method, response surface methodology. The for optimizing the process parameters and independent
relationship between process parameters and responses variables are applied [11]. Results from the both optimi-
are established and discussed the conditions favoring zation techniques gave the same optimum conditions.
The dissimilar weld for Al-Br using Taguchi method
*Corresponding author: are investigated [12]. L9 orthogonal array is used to
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speed is highly influencing parameter and it affects the
weld sound to a great extent. The FSW process using
Taguchi method is experimented and the influence of
signal to noise ratio on the weld parameters on the
weld strength producing the optimum welding process
parameters are examined and it is reported that weld
strength is improved around 47.7% compared to initial
welding conditions [13].

Several studies to avoid the defect from weld surface,
through the image pyramid and image reconstruction
technique are conducted [14]. Using this procedures
different type of defect was found alike groove, cracks,
key hole and this analysis helps to improve the weld
strength. The welding of aluminum/aluminum and
aluminum/copper plates with the help of FSW process
are investigated [15]. It is observed that tensile strength
is increased at specific level after that it will decrease
when the high friction pressure and frictional time is
given to the test pieces. The weld quality of FSW is
analysed and optimized the process parameters such as
weld speed, tool rotational speed, pin shoulder diameter
and plugging depth of magnesium alloy using the
Taguchi technique with GRA analysis [16]. Dissimilar
material is placed between the aluminium alloys and
welded together by FSW are investigated for its effec-
tiveness [17]. The mechanical properties are analysed
as per the process parameters after the FSW. The FSW
for dissimilar metals AA6082 and AA5754 are investi-
gated and orthogonal array is used to conduct 27 ex-
periments and grey relational analysis is used for multi
objective optimization and selection of optimum drilling
parameters [18-19]. The importance of tungsten carbide
based tool pin on the microstructure and mechanical
properties of AA1100 FSW process is investigated and
analysed [20]. The mechanical and metallurgical behavior
in friction stir welding ofAA5052-H32 and AA5083-
HI111 aluminium alloys are investigated [21]. Several
optimization techniques such as genetic algorithm, taguchi
technique etc., are used for the determination of optimum
welding process parameters for friction stir welding
process [22-23]. The several optimization techniques
such as Response surface methodology, Taguchi technique,
Grey relational analysis are used by the researcher for
the optimization of the process parameters [24-27].

Experimental Procedure

In this work the friction stir welding of AA1100
aluminium alloy is carried out. The thickness of the
aluminium plate is 6 mm with 300 mm in length and
150 mm in width. The aluminium plates are cut using
universal saw cutting machine to the required dimensions.
Special fixtures are developed to hold the aluminium
plates rigidly during the friction stir welding process.
Clamps made up of high carbon steel are used to hold
the plates rigidly during the single pass friction stir butt
welding process. Three geometries of the tool are
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employed in this work for the friction stir welding. The
welding is carried out in a friction stir welding machine
of welding speed 4000 rpm and 22 kW power. The
welding process parameters considered in this work are
tool rotational speed; feed; axial load and tool pin
shape used for the friction stir welding process.

The process parameters chosen in this work are tool
rotational speed, feed, axial load and tool pin shape.
These parameters are considered to be the most in-
fluencing parameters while friction stir welding of
aluminium alloy is considered. Also three levels are
selected for these parameters and it is selected from the
previous literatures and necessary recommendation
from the industries. Three tools pin shapes assessed for
this work includes; (1) Taper tool pin, (2) Square tool
pin and (3) straight cylindrical tool pin. The tools are
made up of chromium molybdenum hot worked tool
steels, which provide higher wear resistance and thermal
fatigue resistance. Tensile testing of the welded specimen
is carried out and the universal testing machine is
employed for tensile testing. The Box-Benhen design is
used to determine the optimum welding process parameters

Table 1. Experimental data

Tool Rotational Axial Toolpin  UTS

Run Speed Feed load geometry (MPa)
1 1600 40 4 3 102.35
2 1800 40 4 3 106.58
3 1700 60 10 2 110.79
4 1700 60 6 3 121.25
5 1900 60 6 2 121.58
6 1600 40 8 3 120.36
7 1800 40 4 1 115.36
8 1700 60 6 2 121.87
9 1700 60 6 2 123.58
10 1800 80 4 1 119.53
11 1700 60 6 2 117.75
12 1700 60 6 2 115.84
13 1800 80 8 1 108.18
14 1800 80 4 3 121.25
15 1600 80 4 3 121.32
16 1500 60 6 2 115.42
17 1600 40 4 1 108.25
18 1600 80 8 1 102.35
19 1700 60 6 2 117.52

20 1600 80 4 1 126.52
21 1700 60 2 2 106.25
22 1700 100 6 2 108.98
23 1600 80 8 3 116.87
24 1600 40 8 1 115.23
25 1800 40 8 1 121.25
26 1800 40 8 3 127.56
27 1700 60 6 1 121.25
28 1800 80 8 3 114.36
29 1700 60 6 2 123.25
30 1700 60 6 2 118.36
31 1700 20 6 2 109.35
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and 31 experimental runs are performed and universal
tensile strength for each welded specimen is determined
and recorded in Table 1.

Universal Tensile strength is used to determine the
mechanical performance of the material. It is the ability
to resist tearing due to tension and it the maximum stress
that a material can withstand while being stretched
before it fails. This is selected as response in this work
because non-uniform plastic deformation starts at necking
whereas compressive strength resists compression.
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Results And Discussion

Response surface methodology is a combination of
mathematical and statistical technique which is very
useful in determining the optimal objective function for
any complex problems. The response and the factors
are given with a relationship including the factor called
the response function. In this work Response surface
methodology is used to obtain a mathematical model
using the multiple regression equations for friction stir
welded aluminium plates. The relationship between the

Table 2. Estimated Regression Coefficients for UTS

Term Coefficient SE Coefficient T P

Constant 119.739 1.0026 119.424 0.000

Tool Rotational Speed 1.381 0.5415 2.550 0.021

Feed 0.529 0.5415 0.977 0.343

Axial load 0.587 0.5415 1.083 0.295

Tool pin geometry 0.582 0.5415 1.076 0.298

Tool Rotational Speed * Tool Rotational Speed -0.127 0.4961 -0.255 0.802

Feed*Feed -2.460 0.4961 -4.960 0.000

Axial load*Axial load -2.622 0.4961 -5.285 0.000

Tool pin geometry * Tool pin geometry 0.561 0.4961 1.131 0.275

Tool Rotational Speed * Feed -1.769 0.6632 -2.667 0.017

Tool Rotational Speed * Axial load 0.766 0.6632 1.155 0.265

Tool Rotational Speed * Tool pin geometry -0.195 0.6632 -0.294 0.773

Feed*Axial load -6.170 0.6632 -9.304 0.000

Feed*Tool pin geometry 1.279 0.6632 1.928 0.072

Axial load*Tool pin geometry 3.144 0.6632 4.740 0.000

S =2.65271; R-Sq = 91.98%
Table 3. Analysis of Variance for UTS (MPa)
S Degrees of Sequential Sum Adjusted Sum of Adjusted Mean
ouree freedom of squares squares sum of squares P
q q q
Regression 14 1290.80 1290.80 92.200 13.10  0.000
Linear 4 68.88 68.88 17.221 2.45 0.089
Tool Rotational Speed 1 45.76 45.76 45.761 6.50 0.021
Feed 1 6.72 6.72 6.720 096  0.343
Axial load 1 8.26 8.26 8.260 1.17  0.295
Tool 1 8.14 8.14 8.143 1.16  0.298
Square 4 368.46 368.46 92.114 13.09  0.000
Tool Rotational Speed*Tool Rotational Speed 1 2.15 0.46 0.458 0.07  0.802
Feed*Feed 1 149.39 173.09 173.088 24.60  0.000
Axial load*Axial load 1 207.92 196.52 196.520 27.93 0.000
Tool*Tool 1 9.00 9.00 8.999 128  0.275
Interaction 6 853.45 853.45 142.242 20.21 0.000
Tool Rotational Speed*Feed 1 50.06 50.06 50.056 7.11 0.017
Tool Rotational Speed* Axial load 1 9.39 9.39 9.394 1.33 0.265
Tool Rotational Speed*Tool 1 0.61 0.61 0.608 0.09 0.773
Feed*Axial load 1 609.10 609.10 609.102 86.56  0.000
Feed*Tool 1 26.16 26.16 26.163 372 0.072
Axial load *Tool 1 158.13 158.13 158.131 2247  0.000
Residual error 16 112.59 112.59 7.037
Lack-of-fit 10 54.98 54.95 5.498 0.57  0.792
Pure error 6 5791 57.61 9.601
Total 30 1403.39
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Fig. 1. Residual Plots for UTS.

universal tensile strength (Response) and the weld
process parameters; tool rotational speed, feed, axial
load and the tool pin shape is obtained.

Table 2 represents a summary of individual regression
coefficient factors, interactions, and their square. The
terms with p value more than 0.05 are considered to be
non-significant terms and they are eliminated to
rearrange the quadratic model.

UTS = 119.739 + 1.381 Tool rotational speed
—2.460 Feed” — 2.622 Axial load* — 1.769 tool
rotational speed * Feed — 6.170 Feed * Axial load
+ 3.144 Axial load * Tool

The confidence level of 95% is considered in the
analysis of the regression equation. The parameters
with p value higher than 0.05 are considered to be
insignificant and they are not included in the regression
equation. The developed model is further analysed using
Analysis of Variance (ANOVA) at 95% confidence
level. The R-square value is found to be 91.98 & and it
is considered to be significant and it provides a real
relationship between the factors and the response.

Fig. 1 represents the standardized residuals distribution
of the fitted values. It is observed that the residual
distributions of the regression equation are normal and
an independent pattern was obtained. In the normal
probability plots the obtained points are closer to the
central line and it is found to be satisfactory. The
surface plots for tensile strength is analysed again the
feed, tool rotational speed and the tool pin shape used
for friction stir welding. The surface plot for tensile
strength versus tool pin shape and feed is presented in
Fig. 2. The surface plot for tensile strength versus tool

Surface Plot of UTS (MPa) vs Tool pin geometry, Feed
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Fig. 2. Tensile strength versus Tool pin geometry, Feed.
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Fig. 3. Tensile strength Versus Tool pin geometry, Axial load.

pin shape and axial load is presented in Fig. 3. It is
observed that the tool pin shape with square geometry
contributes to higher tensile strength when compared to
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the other tool pin profiles. Also it is seen that as the
feed and axial load increases there is an increase in
tensile strength of the welded specimen. From the
surface plots, it observed that as the feed increases,
there is a decrease in universal strength. Also it is
observed that as the axial load increases the universal
tensile strength decreases.

Conclusion

This work investigates the tensile strength of the
welded specimens of Aluminium alloy welded using
friction stir welding process. The welding process
parameters considered in this work are tool rotational
speed, feed, tool pin shape and axial load. The tensile
strength of the welded specimen is considered as the
response and response surface methodology is used
here to establish a relationship between the factors and
the response. A regression model is developed and the
significant terms responsible for friction stir welding
are determined. The maximum ultimate strength of the
specimen is found to be 123.58 MPa and the results are
optimized. The surface plots for the response against
the welding process parameters are plotted and discussed.
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