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Abstract:

Friction Stir Welding is a recent emerging welding technology invented by The Welding
Institute (TWI) in 1991. This has evolved into a process focused on joining of arc-
weldable (5xxx and 6xxx) and difficult to weld (2xxx and xxx) aluminum alloys. The
present study is aimed to determine the optimum process parameters and identify the most
influencing significant parameter along with percentage contribution of each parameter on
tensile strength of Friction Stir Welded AA 7075—-T6 aluminum joints by conducting specific
number of experiments using Taguchi approach. In this study, tool pin profiles having conical
and cylindrical head with grooves are used. It has been observed that the tool rotational
speed exhibits more influence on tensile strength in both the tools. Further the tool having
conical profile results in better joint efficiency than the tool having cylindrical profile. The
method described in this paper for the prediction of tensile strength and optimization of
process parameters can eliminate the need for performing more experiments on the basis of
conventional trial and error method.
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1. INTRODUCTION

The technology of Friction Stir Welding (FSW) process invented by The Welding Institute
(TWI) in 1991 has resulted in joining of metals based on solid state diffusion. This
process has the advantage that there are no defects in the welds due to fusion
welding of metals. Figure 1 shows the working principle of FSW process and Figure 2
shows different stages in FSW process.
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Figure 1: Principle of FSW process.

Heat of friction is initially generated through the pin (Figure 2a) of the welding tool which
brought into contact with material being welded along the weld line (Figure 2b). The welding
tool is then impressed in the work piece softened by the heat of friction as long as shoulder is
in contact (Figure 2c). The zone including the weld line is then stirred through the rotating
welding tool while being moved along the weld line (Figure 2d). The tip of the welding tool is
generally called a ‘pin’ or ‘probe’ and is provided with shoulder [1]. The tool shape
determines the heating, plastic flow and forging pattern of the plastic weld metal. The tool
material determines the rate of heating, tool strength and working temperature, and
ultimately determines the materials which can be friction stir welded [2]. The material grade
of the welding tool must be such that its strength can be maintained at temperatures
ensuring work piece softening during welding. FSW welding parameters include the ‘tool
rotational speed’ ‘weld traverse speed’ (running speed) and ‘plunge depth’ (tool insertion
depth). These parameters act as the principal welding conditions. FSW is free from
generation of welding defects, such as blowholes and cracks, formed during fusion welding,
although tunnel-like defects may occur if the running speed and rotational speed are wrongly
combined. This type of defect is more likely to occur at a high running speed in relation to the
rotational speed, i.e. when the material is inadequately stirred as the rotary tool moves along
the weld line. However, a good-quality defect-free weld joint can be easily obtained relatively
through appropriate selection of the tool rotational speed and weld traverse speed
combination. The relationship between the tool rotational speed and weld traverse speed is
an indication to prevent the occurrence of macroscopic welding defects which depends on
the material being welded [2].
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() (d)
Figure 2: Stages of FSW welding process.

Originally the FSW was developed for joining high strength aluminum alloys produced by
powder metallurgy. The reported users of FSW include Boeing Company, Lockheed Martin,
NASA, Airbus, Rolls Royce, GE, US Navy, Mitsubishi, Kawasaki, Fokker, etc. This
technology is capable of joining a range of similar materials as well as dissimilar
materials. Current state of the art of this technology in the domain of low melting point
materials such as aluminum alloys has matured up to the point where this technology is
well-suited for commercial and military aircrafts application. A wide range of different
grades of aluminum alloys are capable of being welded by this technology resulting in
better properties than those produced using fusion welding [3]. Precipitation hardenable
aluminum alloys of 7XXX series, such as 7075 are used extensively in aerospace
industries. These alloys are difficult to join by conventional fusion welding techniques.
Hence realizing a fusion-welded joint in such alloys without impairing the mechanical
properties is a difficult task for a welding engineer. Consequently he/she has to rely on rivets
and fasteners with substantial increase in fabrication cost and structure weight [4]. Many
investigators have made investigations on the relationship between base metal properties
and friction stir welding process parameters [5], the effect of welding processes like GMAW
(Gas Metal Arc welding), GTAW (Gas Tungsten Arc Welding), and FSW on tensile
properties [6], influence of pin profile and rotational speed of the tool on the formation of
friction processing zone[7], influence of tool pin profile and axial force on the formation of
friction stir processing zone [8], influence of tool geometry in FSW with specific reference to
microstructural development, joint efficiency [9] and optimization of FSW parameters to
maximize the tensile properties [10]. Literature reveals that the predominant factors that
affect the tensile strength of friction stir welded aluminum alloys are tool pin profile, tool
rotational speed, weld traverse speed and plunge depth. However it is evident from
literature that the studies on joining of AA 7075 - T6 aluminum alloy in analyzing the
influence of tool pin profiles, welding parameters on mechanical properties is not been
reported. Hence in this investigation studies are made to analyze the effect of welding
process parameters on tensile strength and joint efficiency of FSW joints for two type’s tool
of pin profiles namely conical and cylindrical tool head with grooves.

2. TAGUCHI METHOD

Taguchi method is an efficient problem solving tool, which is used to improve the
performance of a process / product or a system without having to conduct a large number of
experiments. This saves time and reduces the cost of experimentation [11]. This method has
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been applied for carrying out robust design of processes and products and solving many
complex problems in manufacturing industries. It combines the experimental design theory
and quality loss function concept for solving problem. Complex situations arise when a large
number of process parameters to be dealt with, as the number of experiments to be
conducted have to match with the number of influencing parameters, to arrive at any tangible
conclusion. In such cases, it is possible to determine the most influential parameter for
improving the overall efficiency of any process using Taguchi technique by carrying out few
experiments. Another advantage of Taguchi technique is that the optimum processes
parameters thus obtained are insensitive to the variation in the environmental condition and
other noise factors. Taguchi method uses a special design of orthogonal array to study the
entire process parameter space with only a small number of experiments. Taguchi defines
three categories of quality characteristics in the analysis of Signal /Noise ratio (S/N ratio).
They are categorized as (i) the lower is better, (ii) the higher is better and (iii) the nominal is
best. The S/N ratio for each combination of the process parameters is computed based on
Signal Noise analysis. A larger S/N ratio corresponds to better quality characteristics, in all
the above mentioned three categories. Therefore, the optimum level of process parameters
is the level of highest S/N ratio. Further, a statistical analysis of variance (ANOVA) can be
performed to identify the process parameter which is statistically significant for each
considered quality characteristics of the process. ANOVA is a collection of statistical models,
and their associated procedures, in which the observed variance is partitioned into
components due to different explanatory variables. The initial techniques of the AVOVA were
developed by the statistician and geneticist R. A. Fisher [12] in the 1920s and 1930s, and is
sometimes known as Fisher's ANOVA or Fisher's analysis of variance, due to the use of
Fisher's F-distribution as part of the test of statistical significance. ANOVA is mainly carried to
analyze the statistical significance of different factors at different levels of the response
variables. It is performed based on the design of experiments and all the response variables.

3. SELECTION OF ORTHOGONAL ARRAY (OA)

The two points considered before selecting a particular OA for conducting experiments are:
(i) The number of parameters and interactions of interest and (ii) The number of levels for the
parameters of interest. The non-linear behavior, if it exists among the process parameters,
can only be studied if more than two levels of the parameters are used. Therefore, each
parameter was analyzed at three levels. Each of the three level parameters has two degrees
of freedom (DOF) (since DOF is equal to Number of levels minus one). The total DOF
required for three parameters each at three levels is six. As per Taguchi’'s method, the total
DOF of selected OA must be greater than or equal to the total DOF required for the
experiment. So L9 OA having 8 degrees of freedom was selected for the present work [12].
The scope of the present work is limited to study only the first order interactions of FSW
process parameters.

4. EXPERIMENTAL DETAILS

Rolled plates of AA7075-T6 aluminum alloy of 5 mm thickness were used in the present
investigation. The composition and mechanical properties of the alloy are shown in
Table | and Table Il respectively.
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Table I: Chemical composition of Aluminum Alloy AA7075 —T6.

Alloy Zn % Mg % Cu % Cr % Mn % Ti % Si % Al %
7%5 51-61 | 21-29 1.2:2 0.18-028 | Max0.3 Max 0.2 Max 0.4 8971'14'

Table II: Mechanical properties of Aluminum Alloy AA7075 -T6

Alloy Tensile strength (MPa) Yield Strength(MPa) Elongation % Hardness (VHN)
7075 T6 524 430 10 140

Plates were cut into 75 mm X 300 mm size to suit the clamps of FSW machine
(conventional Milling machine) to prepare square butt joints. The initial joint
configuration was obtained by securing the plates in position using mechanical
clamps on FSW machine. Single pass welding procedure was followed to fabricate
the joints. Non-consumable tools made of Hot Die Steel having conical and cylindrical
tools with grooves were used to prepare the welded joints Figure 3.

__________ _Z ______Z

a. Cylindrical Tool with Groove b. Conical Tool with groove

Figure 3: Line diagram showing FSW tools used in the study.

Trial experiments were conducted to determine the working range of welding parameters.
The feasibility limits of the parameters were chosen in such a way that the FSW joints are
free from any visible defects. The process parameters for welding namely tool rotational
speed, weld traverse speed and plunge depth along with their levels selected and
details of tool are given in Table lll. Tensile specimens were prepared as per ASTM-
E8/EBM-08 standard [13]. Tensile tests were carried out on a 20KN Electronic
Tensometer (Make: Kudale Instruments, Model: PC 2000).

Table Ill: Welding process parameters & Tool Dimensions.

A Pin
Lovels | Rotational | o B O | Didratio | Pinlength | Tool Shoulder | diamet
speed speed (mm/min) (?nm) P of tool (mm) diameter (mm) er
(RPM) P (mm)
Level 1 900 (A1) 40 (B1) 4.93 (C1)
Level 2 1120 (A2) 50 (B2) 4.96 (C2) 20/6 75 20 6
Level 3 1400 (A3) 63 (B3) 4.99 (C3)
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5. RESULTS AND DISCUSSION

5.1 Signal to Noise ratio

Tensile strength is the main response quality characteristic considered in this investigation
describing the quality of welded joints produced by FSW. In order to assess the influence of
welding parameters on the response (i.e. tensile strength), means and S/N ratio for each
control factor (tool rotational speed, weld traverse speed and plunge depth) were calculated
using Mini Tab statistical software [14]. The signals are indicators of the effect on average
responses and the noises are measures of the influence on the deviations from the
sensitiveness of the experiment output to the noise factors. The appropriate S/N ratio was
chosen using previous knowledge, expertise, and understanding of the process. In this study,
the S/N ratio was chosen according to the criterion of the “higher is better”, in order to
maximize the response. In the Taguchi method, the S/N ratio is used to determine the
deviation of the quality characteristics from the desired value. The S/N ratio n, (higher is
better) in the j, experiment can be computed using the equation (1).

ny=-101log [1/n = Y% ] (1)

Where n is the number of tests
Y i« is the experimental value of the i quality characteristics in the j"" experiment at the k"
test.

The experimental results were then transformed into means of tensile strength and
corresponding S/N ratio. Table IV shows the three levels of process parameters as per Lg
orthogonal array, the means of tensile strength and corresponding S/N ratio for the tools
considered.

Table IV: Tensile strength, joint efficiency & S/N Ratio for experiments using conical &
Cylindrical Tool with grooves.

Sl Tool Weld Plunge Conical Tool with groove Cylindrical Tool with groove
No. rotational traverse depth
S(r‘:)en‘j;‘ (ﬁﬁiiﬁn (mm) Tensile Joint SIN Tensile Joint SIN
) strength efficiency ratio strength efficiency ratio
(N/mm?) (%) (N/mm?) (%)
1 900 40 4.93 308.40 58.85 49.78 219.20 41.83 46.81
312.50 59.63 49.89
2 900 50 4.96 290.00 55.34 49.25
3 900 63 4.99 301.50 57.54 49.59 226.08 43.28 47.11
4 1120 40 4.96 325.90 62.19 50.26 238.07 45.55 47.55
5 1120 50 4.99 294 .40 56.18 49.38 219.05 41.88 46.82
6 1120 63 4.93 303.60 57.94 49.65 287.03 35.74 45.45
7 1400 40 4.99 310.50 59.26 49.84 273.03 33.07 4477
8 1400 50 4.93 284.40 54.27 49.08 246.06 47.06 47.83
9 1400 63 4.96 293.60 56.03 49.36 258.33 49.30 48.24

The analysis of mean for each of the experiments will give the better combination of
parameter levels that ensures a high level of tensile strength according to the experimental
set of data. The mean response refers to the average value of performance characteristics
for each parameter at different levels. The mean for one level was calculated as the average
of all responses that were obtained with that particular level. The optimal level of process
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parameter corresponding to the highest S/N ratio can be identified by from the plots as
shown in Figure 4 and Figure 5 for conical grooved and cylindrical grooved tool respectively.
Similarly Figure 6 and Figure 7 can be used to identify the optimum level of process
parameters corresponding to tensile strength as output quality characteristics for conical
grooved and cylindrical grooved tool respectively. The S/N ratios were also calculated using
Win Robust (version 1.0) statistical software [15], which indicates that the maximum tensile
strength was with a tool rotational speed of 1120 rpm, a weld traverse speed of 40 mm/min
and a plunge depth of 4.96 mm for conical grooved tool. Maximum tensile strength is with a
rotational speed of 1400 rev/min, a weld traverse speed of 50 mm/min and a plunge depth of
4.96 mm for cylindrical grooved tool.

Main Effects Plot (data means) for SN ratios Main Effects Plot (data means) for SN ratios
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Figure 4: Main Effect Plot for S/N ratios
for Conical tool with groove.

Figure 5: Main Effect Plot for S/N ratios
for Cylindrical tool with groove.
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Figure 6: Main Effect Plot for and tensile
strength for Conical tool with groove.

Figure 7: Main Effect Plot for and Tensile
Strength for Cylindrical tool with groove.

5.1 Analysis of Variance (ANOVA)

ANOVA test was performed to identify the process parameters that are statistically
significant. The purpose of the ANOVA test is to investigate the significance of the process
parameters which affect the tensile strength of welded joints produced by FSW. ANOVA was
performed using Win Robust software [15] and the results are summarized in Tables V and
VI for conical and cylindrical tools respectively. In addition, ‘F’- test has been used to
determine the parameter that has more significant effect on the tensile strength. Usually,
process parameters have a significant effect on the quality characteristics, when F is large.
The results of ANOVA indicate that the process parameters under consideration have
different intensity of signifance affecting the tensile strength of FSW joints.
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Table V: Results of ANOVA for Conical Tool with Groove.

Factor DOF Sum of squares Mean sum of squares Fcal contr?/boution
A 2 6390.25 3195.125 343 73.70
B 2 1400.21 700.105 7.5 14.42
C 2 440.94 220.47 2.4 3.02

Error 2 186.56 93.28 8.86

Total 8 8417.96

Table VI: Results of ANOVA for Cylindrical tool with groove.
Factor DOF Sum of squares Mean sum of squares Fcal % contribution
A 2 977.25 488.62 24.7 74.09
B 2 217.69 108.84 5.5 14.08
C 2 31.25 15.62 - -0.65
Error 2 39.5 19.75 3.12
Total 8 1265.69

6. INTERPRETATION OF EXPERIMENTAL RESULTS

6.1 Percentage of contribution

The percentage contribution of the process parameter is the portion of the total variation
observed in the experiment attributed to each significant factor. The percentage distribution
is a function of the sum of squares for each significant item and it indicates the relative power
of a factor to reduce the variation. If the factor levels are controlled precisely, then the total
variation could be reduced by the amount indicated by the percentage of contribution. The
percentage of contribution of the tool rotational speed, weld traverse speed and plunge depth
is shown in Figure 8 for conical tool with groove and in Figure 9 for cylindrical tool with
groove.

Percentage Contribution

0.65 312

14.08 \

® Tool Rotational speed

Weld traverse speed

® Plungedepth

Error

Percentage Contribution

m Tool Rotational speed
Weld traverse speed
M Plungedepth

Error

Figure 8: Percentage contributions of welding
of parameters for conical tool with groove.

Figure 9 Percentage contributions of for
parameters for cylindrical tool with groove.

It was observed that the percentage contribution of tool rotational speed is 74.09 % in the
case of the conical tool and 73.70 % in case of cylindrical tool. The percentage contribution
of tool rotational speed is higher, because the torque of the rotating the tool, along with
surface contact of shoulder generates friction heating of the material, and the forces applied
to the tool ensure the movement of the tool in the mass of the material, in the welding
direction. The surfaces of the tool shoulder and the tool pin, which are in contact with the
material edges, form friction couples which take direct part in the process of friction and
formation of plastic flows. This activity seems to be more in both the tools.
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6.2 Estimation of optimum performance characteristics

Referring to Table 1V, Figure 4 to Figure 7 and considering the highest values of S/N ratio
and mean levels for the significant factors A, B and C, the overall optimum combination of
parameters obtained were A2, B1, C2 for conical tool and A3, B2, C2 for cylindrical tool. After
conduction of experiments, to determine the optimal combination of process parameters, it
was found that, there can be two possibilities that can exist are as follows: i. the optimum
combination of parameters is identical to one of combinations in the experiments conducted.
ii. The optimum combination of parameters is not included in the experiments conducted. In
the present work, optimal combination of parameters for conical tool satisfies the first
possibility and for cylindrical tool satisfies the second possibility cited above. This indicates
that the selection of considered for experiments parameters in present study is appropriate
[7]. The optimum value of tensile strength is predicted at the selected levels of significant
parameters. This is done by using Win Robust software. The details of analysis are shown in
Figure 11 and Figure 12 for conical and cylindrical tool with groove respectively.
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Figure 11: Results of ANOVA for Conical tool with groove.
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Figure 12: Results of ANOVA for Cylindrical tool with groove.
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6. 3 Confirmations Tests

After the selection of optimal level of process parameters, the final step is to predict and
verify the improvement in quality characteristics of FSW process, for these parameters. The
predicted S/N ratio for optimal welding parameters and the corresponding tensile strength
and efficiency are presented in Table VIl and Table VIII for conical and cylindrical tools
respectively. The joint efficiency of conical and cylindrical tool for initial parameters, optimal
estimated parameters and optimal experimental parameters are presented in Figure 10.

Table VII: Results of Confirmation test of welded joint using Conical Tool with groove.

Initial parameters Optimal parameters(estimated & experimental)
A, By, Cy A;B1C,
ABC, Estimated Experimental
Tensile Strength (N/mm?) 185.00 323.33 352.29
S/N Ratio 44.20 50.19 53.39
Joint Efficiency % 35.31 60.94 67.04

Table VIII: Results of Confirmation test of welded joint using cylindrical Tool with groove.

Initial parameters Optimal parameters(estimated & experimental)
A3B,C, AsB,C,
AB.C
2hE2 Estimated Experimental
Tensile Strength (N/mm?) 240.00 281.45 308.92
S/N Ratio 40.21 48.06 50.27
Joint Efficiency % 45.80 61.70 70.40
80 - 7
6
70 -+ o A 51 7
60 -+
q
50 o
3
40 -
30 4
20 4
10 o
0 ) m Joint Efficiency
%(Conical)
Estimated Experimental
) W Joint Efficiency
Initial parameters  |Optimal parameters(estimated & experimental) %(Cynindrical)

Figure 10: Efficiency of welded joints.

It is observed on comparison, that there is a good agreement between the estimated and
experimental tensile strength of welded joint.

7. CONCLUSIONS

In this investigation it was found that, Taguchi approach can be successfully applied to
determine optimum value of process parameters like tool rotational speed, weld traverse
speed and plunge depth on the tensile strength of the AA 7075-T6 aluminum alloy welds
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produced by FSW method using conical and cylindrical tool within the range of selected
values of process parameters.

The percentage contribution of these process parameters were determined by ANOVA
and it was found that the tool rotational speed and weld traverse speed are the important
factors contributing to the response.

The method described in this paper for the prediction of tensile strength and optimization
of process parameter can eliminate the need for performing more experiments on the basis
of conventional trial and error method to achieve the same.
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