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Abstract. The quality of the friction stir processed (FSPed) depends on the proper combination of
processing parameters. The proper combination can only be found when a series of experiments have
been conducted. However, the Taguchi technique was developed as a way of reducing numerous
experiments that are time-consuming and costly. This paper reports on the optimization of parameters
for the FSP that is conducted underwater (SFSP) and room temperature (NFSP). The Taguchi L18
method was employed in the design of experiments. The four factors used for the analysis had three
factors with three-levels and one with two levels. The parameter combinations for SFSP were
different from the combination found for NFSP. The level of parameter sensitivity was found to be
influenced by the processing condition.

Introduction

Friction stir processing (FSP) is considered as the newly discovered solid-state technique that is
used to enhance the performance of metals [1-3]. FSP was derived from friction stir welding (FSW)
hence it uses the same principles similar to FSW. However, FSP differs from FSW on the principle
that FSW works with two pieces while FSP works with only one piece or surface [4-7]. FSP technique
can be used as a method of fabricating surface composites and also as the method of enhancing the
properties of the material [8-11]. The fabrication of surface composites involves the inclusion of
particles during the performance of processing [12-16]. FSP technique operates with specific
combinations of parameters and each parameter has its impact on the behavior of the processed
surface. Abrahams et al. (17) have investigated the optimum tool design to perform FSP on the
AA7075-T651. The optimization of the tool profile was performed on AA5005-H34 and the
optimized tool profile was then used to investigate the influence of rotational speed and traverse speed
on the microstructure of the processed surface. The traverse speed was found to have more impact
than rotational speed on the microhardness and mechanical properties of the processed surface.

The influence of the traverse speed and rotational speed on the performance of the AA6063 was
investigated by Zhao et al. (18). The speed variation was performed in reference to the number of
FSP passes. It was discovered that the grain size at low rotational speed was large compared to the
high speed. It was further observed that there was grain size irregularity on the face and root surface
of the stir zone. It was further observed that the grain size of the two-pass was larger compared to the
single stir zone. The ultimate tensile strength was found to be lower than that of the base material at
a low rotational but become higher at a higher rotational speed. John et al. (2019) have performed an
investigation on the influence of pin profile on the friction stir processed AA2024-T351. The
influence of pin profiles was studied with various combinations of rotational speed and traverse speed.
The tool with a triangular profile was found to be the best tool in enhancing the mechanical properties
of AA2024-T351.

Vignesh & Padmanaban (20) have studied the influence of tool rotational speed, traverse speed,
and the tool shoulder on the wear resistance of the friction stir processed AA5083. The wear resistance
of the processed plate was found to be better compared to the unprocessed plate. The contribution of
each FSP parameter to the wear resistance of the processed plate yielded the development of the
mathematical model that can be used to predict the wear resistance of the plate using various
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combinations of FSP parameters. The contribution of the number of FSP passes to the corrosion
resistance of the hypereutectic Al-30Si alloy was studied by Rao et al. (21). A clear relationship
between the grain size and the number of FSP passes was observed. The corrosion resistance was
found to improving with the increase in the number of FSP passes. The grain refinement was also
found to be increased with the number of FSP passes. Tangarasu et al. (22) have investigated the
influence of the FSP traverse speed on the microstructure and mechanical properties of AA6082-TiC
surface composite. The increase in traverse speed yielded the poor distribution of TiC particles on the
processed surface. It was also discovered the increase in traverse speed led to an increase in the
microhardness of the surface composite. It was further discovered that the increase in traverse resulted
in a decrease in the wear rate of the surface composite.

One can see that the current cited literature dealt with parametric optimization through a few
experiments. This however leaves a question of ‘what would be the material’s response when the
number of experiments is increased?’. This question could be difficult to answer experimentally as it
requires more resources. However, the statistical technique developed by Taguchi becomes handy in
answering questions of this nature. This technique has been used by various researchers in optimizing
parameters for experiments. This includes the optimization of friction stir welding parameters (similar
and dissimilar materials) and friction stir processing parameters [23-29]. However, the focus will be
on the application of this statistical technique in optimizing the FSP parameters.

Murthy et al. (30) have performed the optimization of FSP parameters and their significance
towards the fabrication of the surface composite of AA7075-T651. The optimization was performed
through the use of a statistical method called Taguchi. The parameters that were optimized included
tool rotational speed, traverse speed, and the diameter of the hole that is used to fill the reinforcement.
The sensitivity of each parameter towards the tensile strength of the composite was investigated
through the use of analysis of variance (ANOVA). The tool rotational speed was found to have a
significant contribution to the tensile strength of the composite. Sahu & Pal (31) employed the
Taguchi grey relational analysis (GRA) technique in optimizing the FSP parameters on AM20
magnesium alloy. The welding speed, rotational speed, plunging depth, and shoulder diameter were
the parameters chosen to be optimized as they play a major role in the performance of the processed
surface. The Lig technique was employed in designing the experiments. The percentage method based
on the ANOVA was used in ranking the influence of each parameter on the quality of the processed
surface.

Ahmadkhaniha et al. (32) also employed the Taguchi technique in analyzing the most influential
FSP parameter on the microhardness of the processed pure magnesium. The tilt angle, rotational
speed, traverse speed, and penetration depth were the parameters chosen for optimization. The Lo
technique was employed in the design of experiments. The specific values of the selected parameters
were found to the optimum values for the enhanced microhardness of the processed surface. The
traverse speed, rotational speed, and the tilt angle of the tool were found to have a significant role in
the microhardness of the process surface.

The few cited literature has revealed that the Taguchi technique can be used to optimize the FSW
or FSP parameters with few experimental results. The technique is also capable of giving the relations
of parameters and their contribution to the performance of the welded joint and the processed surface.
It was observed that the majority of works employed the Taguchi technique in optimizing the FSP
parameters for a single plate. There is no trace of works reporting on the employment of this technique
for the optimization of the FSP parameters for processing friction stir welded dissimilar joints hence
the aim of this paper. This paper reports on the employment of the Taguchi technique in optimizing
the FSP parameters that are performed at room temperature and underwater. The tool tilt angle, tool
rotational speed, traverse speed, and material positioning are the parameters that were chosen to be
optimized as they play a significant role in the quality of the processed joint.

Experimental Procedure

The 6 mm thick 6083-T651 and 8011-H14 aluminum alloys (AA6083/AA8011) were cut into 250 x
70 mm in preparation for friction stir welding (FSW). The friction stir welded dissimilar
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AA6083/AA8011 joints were produced using the rotational speed of 1100 rpm, traverse speed of 60
mm/min, and the tool tilt angle of 2°. The chemical composition of the materials used in this study is
presented in Table 1. The tool used for FSW and FSP was made with high-speed steel (AISI4140)
and its shoulder diameter was 20 mm, a triangular pin length of 5.8 mm, and a pin diameter of 6mm.
The FSP was performed under two different conditions i.e. room temperature and underwater
(submerged).

Table 1. Chemical compositions [33-35].

Mg Zn Ti Cr Si Mn Fe Cu Al
AA8011-H14  0.28 0.084 0.016 0.028  0.52 0.46 0.74 0.13 Bal
AA6082-T6 1.1 0.2 - 0.25 0.9 0.7 0.5 0.1 Bal

The tensile test specimens were prepared and performed based on the ASTM-E8M-04 standard. The
Vicker’s microhardness test machine was used to perform microhardness tests with the guidance of
the ASTM-E384 standard. The 300 g load was applied for 15 s in performing microhardness tests.
Table 2 presents four parameters considered for this investigation and their associated levels. It should
be noted that these parameters were employed in processing the dissimilar joint at room temperature
and underwater.

Table 2. Processing parameters with their levels.

*MP *RS *TS *TA  level
*8AS 600 rpm 40 mm/min 1° 1
*6AS 900 rpm 70 mm/min 2° 2

- 1200 rpm 100 mm/min  3° 3
*8AS — AA8011-14 was positioned on the advancing side; 6AS — AA6083-T651 was positioned on the advancing side; RS — rotational speed; TS —
traverse speed; TA — tilt angle; MP — material positioning

The Taguchi Lig factorial design was employed to minimize the number of experimental runs and the
design matrix is presented in Table 3. This design matrix was produced through the use of
MINITAB18 software.

Table 3. Taguchi Lig design matrix.

No. MP RS(rpm) TS(mm/min) TA(°)
1 8AS 600 40 1
2  8AS 600 70 2
3  8AS 600 100 3
4 8AS 900 40 1
5 8AS 900 70 2
6 8AS 900 100 3
7  8AS 1200 40 2
8 8AS 1200 70 3
9 8AS 1200 100 1
10 6AS 600 40 3
11 6AS 600 70 1
12 6AS 600 100 2
13 6AS 900 40 2
14 6AS 900 70 3
15 6AS 900 100 1
16 6AS 1200 40 3
17  6AS 1200 70 1
18  6AS 1200 100 2

Results and Discussions

The optimization of FSP parameters was performed for two different processing conditions i.e. room
temperature (NFSP) and underwater (SFSP). The presentation of data analysis is arranged in this
order for the whole paper.
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Signal to noise ratio analysis

The optimization of FSP parameters was performed by analyzing the ultimate tensile strength (UTS),
percentage elongation, and the microhardness of the processed AA8011/AA6082 dissimilar joint. The
impact of each parameter on the response factors was analyzed through the use of the signal to noise
ratio (SN) and the criteria used was the larger-the-better. This simply suggests that we are looking for
the parameter combinations that will maximize the UTS, percentage elongation, and the
microhardness of the joint processed under room temperature and underwater. The larger-the-better
criteria can be calculated based on the following formula [32]:

<3 1
S/N:—lmog(zzl,:l?j (1)
where n is the repetition of experiments, y is the response factor which was UTS, percentage
elongation, and microhardness in this study. Table 4 presents the SN ratio for parameter combinations

for FSP performed at room temperature while Table 5 depicts the SN ratio for FSP performed
underwater and their graphical representations are shown in Fig. 1 & 2.

Table 4. NFSP experimental results with relevant SN ratio.
MP RS(rpm) TS(mm/min) TA(°) UTS(MPa) PE(%) MH(HVss) SNRA1 SNRA2 SNRA3

8AS 600 40 1 50.7 16.09 46.82 28.04 24.13 33.41
8AS 600 70 2 48.1 10.94 52.97 25.16 20.78 34.48
8AS 600 100 3 50.7 7.06 45.81 21.56 16.98 33.22
8AS 900 40 1 43.1 22.57 46.67 30.06 27.07 33.38
8AS 900 70 2 43.7 16.97 53.12 28.39 24.59 34.50
8AS 900 100 3 43.1 6.54 42.82 20.89 16.31 32.63
8AS 1200 40 2 453 25.00 44.42 30.63 27.96 32.95
8AS 1200 70 3 43.6 14.54 56.29 27.31 23.25 35.01
8AS 1200 100 1 45.3 9.69 39.95 24.07 19.73 32.03
6AS 600 40 3 72.2 13.74 43.49 26.98 22.76 32.77
6AS 600 70 1 75.1 12.43 46.05 26.25 21.89 33.27
6AS 600 100 2 87.2 14.91 41.52 27.60 23.47 32.36
6AS 900 40 2 56.1 10.43 45.23 24.77 20.37 33.11
6AS 900 70 3 75.4 11.09 45.08 25.33 20.90 33.08
6AS 900 100 1 87.8 20.43 38.77 29.73 26.21 31.77
6AS 1200 40 3 84.4 15.34 45.83 27.90 23.72 33.22
6AS 1200 70 1 77.5 7.37 45.55 21.97 17.35 33.17
6AS 1200 100 2 87.4 20.69 42.27 29.96 26.32 32.52

Table 5. SFSP experimental results with relevant SN ratio.

MP RS(rpm) TS(mm/min) TA(°) UTS(MPa) PE(%) MH(HVos) SNRA1 SNRA2 SNRA3

8AS 600 40 1 28.0 6.23 65.57 28.94 15.89 36.33
8AS 600 70 2 46.9 6.02 51.25 33.42 15.59 34.19
8AS 600 100 3 53.9 14.86 40.22 34.63 23.44 32.09
8AS 900 40 1 21.7 4.14 59.70 26.73 12.34 35.52
8AS 900 70 2 55.8 8.43 52.46 34.93 18.52 34.40
8AS 900 100 3 69.4 21.46 40.61 36.83 26.63 32.17
8AS 1200 40 2 36.4 7.28 59.85 31.22 17.24 35.54
8AS 1200 70 3 36.8 4.71 53.16 31.32 13.46 34.51
8AS 1200 100 1 67.1 12.17 39.59 36.54 21.71 31.95
6AS 600 40 3 82.8 16.57 50.49 38.36 24.39 34.06
6AS 600 70 1 71.2 15.66 41.15 37.05 23.90 32.29
6AS 600 100 2 71.9 10.83 43.52 37.14 20.69 32.77
6AS 900 40 2 93.2 24.90 46.23 39.39 27.92 33.30
6AS 900 70 3 75.0 13.51 42.93 37.50 22.61 32.66
6AS 900 100 1 84.4 12.94 44.18 38.53 22.24 32.90
6AS 1200 40 3 86.5 23.31 47.37 38.74 27.35 33.51
6AS 1200 70 1 79.1 15.71 44.33 37.96 23.92 32.93
6AS 1200 100 2 77.4 14.54 44.55 37.78 23.25 32.98
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Main Effects Plot for SN ratios
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Fig. 1. NFSP SN ratio plot (a) Ultimate tensile strength; (b) Percentage elongation;
(c) Microhardness.

Fig. 1 (a) shows that the maximum UTS for the AA8011/AA6082 dissimilar joint processed under
room temperature can be obtained when the material positioning is to level 2, the rotational speed is
set to level 3, traverse speed is set to level 1 and the tilt angle is set to level 2. The same UTS parameter
combination could yield maximum elongation (see figure 1(b)) [24]. For the maximum
microhardness, the material positioning should be set at level 1, rotational speed at level 1, traverse
speed be set at level 2 and the tilt angle be set to level 2. The maximum UTS for the joint processed
underwater can be achieved when the material positioning is set to level 2, rotational speed set to
level 2, traverse speed and tilt angle are both set to level 3 (see figure 2(a)). The parameter
combination used for UTS can also be utilized for the achievement of maximum percentage
elongation and this behavior is similar to the observed in NFSP. Figure 2(c) reveals that the maximum
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microhardness can be attained when material positioning is set to level 1, rotational speed set to level
1, traverse speed set to level 1, and the tilt angle set to level 2.

Main Effects Plot for SN ratios
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Fig. 2. SFSP SN ratio plot (a) Ultimate tensile strength; (b) Percentage elongation;
(c) Microhardness.

Analysis of variance experimental data for NFSP

Ranking of contributing factors

It is crucial to analyze the influencing factor to each response factor of the dissimilar joint processed
under room temperature. MINITAB18 software uses the delta ranking system to show the most
critical factor to the response factor of the processed AA8011/AA6082 dissimilar joint. Table 6 shows
that the UTS and percentage elongation for the NFSPed AA8011/AA6082 dissimilar joint is
influenced by material positioning (rank 1), the rotational speed (rank 2), and traverse speed (rank 3)
[36]. The percentage elongation according to Table 7 is influenced by traverse speed (rank 1), tilt
angle (rank 2), rotational speed (rank 3), and material positioning (rank 4). Table 8 indicates that
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microhardness depends mostly on the traverse speed (rank 1), material positioning (rank 2), the tilt
angle (rank 3), and rotational speed (rank 4).

Table 6. SN ration of parameters on ultimate tensile strength.

Level MP RS(rpm) TS(mm/min) TA(°)
1 26.23 25.93 28.06 26.69
2 26.72 26.53 25.73 27.75
3 26.97 25.64 24.99
Delta 2.76 2.43 1.04 0.49
Rank 1 2 3 4

Table 7.SN ratio of parameters on percentage elongation.

Level MP RS(rpm) TS(mm/min) TA(°)
1 22.31 21.67 24.33 22.73
2 22.55 22.57 21.46 2391
3 23.05 21.50 20.65
Delta 0.24 1.39 3.26 2.87
Rank 4 3 1 2

Table 8. SN ratio of parameters on microhardness.

Level MP RS(rpm) TS(mm/min) TA(°)
1 33.51 33.25 33.14 32.84
2 32.81 33.08 33.92 33.32
3 33.15 32.42 33.32
Delta 0.71 0.17 1.50 0.48
Rank 2 4 1 3

Percentage of contribution factors

It is also better to analyze the contribution of each factor in terms of percentages and the probability
of distribution (P-value). Table 9 shows that material positioning plays a major role in the variation
of the UTS of the NFSPed AA8011/AA6082 dissimilar joint with a percentage of 87.95% followed
by the rotational speed with 4.61%. This percentage contribution is in agreement with the rankings
shown in Table 6. The percentage elongation (presented in Table 10) shows a strong dependency on
the traverse speed and the tilt angle with 16.39% and 16.29%, respectively [31-34]. The F-value also
agrees with the contribution percentage and both of these values concur with the ranking shown in
Table 7. The traverse speed and the material positioning (see Table 11) play a significant role in the
microhardness of the NFSPed AA8011/AA6082 dissimilar joint [34]. The F-value and the percentage
contribution correlate with the ranking shown in Table 8.
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Table 9. Factor contribution to the variation of ultimate tensile strength.

Source DF Contribution F-Value
MP 1 87.95% 149.91
RS 2 4.61% 3.93
TS(mm/min) 2 1.26% 1.07
TA(°) 2 0.32% 0.27

Error 10 5.87%

Total 17 100.00%

Table 10. Analysis of Variance for percentage elongation.

Source DF Contribution F-Value
MP 1 0.00% 0.00
RS(rpm) 2 4.15% 0.33
TS(mm/min) 2 16.39% 1.30
TA(°) 2 16.29% 1.29

Error 10 63.18%

Total 17 100.00%

Table 11. Analysis of Variance for microhardness.

Source DF Contribution F-Value
MP 1 17.03% 11.74
RS(rpm) 2 1.19% 0.41
TS(mm/min) 2 58.94% 20.32
TA(°) 2 8.35% 2.88

Error 10 14.50%

Total 17 100.00%

Analysis of variance experimental data for SFSP

Ranking of contributing factors

The analysis performed on the room temperature was also performed on AA8011/AA6082 processed
underwater. Table 12 shows that UTS for the SFSPed AA8011/AA6082 dissimilar joint is influenced
by Material positioning (rank 1), the traverse speed (rank 2), rotational speed (rank 3) and tilt angle
(rank 4). Percentage elongation (presented in Table 13) show strong dependency on material
positioning (rank 1), tilt angle (rank 2), traverse speed (rank 3), and rotational speed (rank 4). Table
14 shows that the microhardness gets influenced by traverse speed (rank 1), material positioning (rank
2), tilt angle (rank 3), and rotational speed (rank 4) [28-30].

Table 12. SN ration of parameters on ultimate tensile strength.

Level MP RS(rpm) TS(mm/min) TA(°)
1 32.73 34.92 33.90 34.29
2 38.05 35.65 35.36 35.65
3 35.59 36.90 36.23
Delta 5.32 1.94 3.01 0.73

Rank 1 3 2 4
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Table 13. SN ration of parameters on percentage elongation.

Level MP RS(rpm) TS(mm/min) TA(°)
1 18.31 20.65 20.86 20.00
2 24.03 21.71 19.67 20.54
3 21.16 22.99 22.98
Delta 5.72 1.06 2.98 3.33
Rank 1 4 3 2
Table 14. SN ration of parameters on microhardness.

Level MP RS(rpm) TS(mm/min) TA(°)
1 34.08 33.62 34.71 33.65
2 33.04 33.49 33.50 33.86
3 33.57 32.48 33.17
Delta 1.03 0.13 2.23 0.70
Rank 2 4 1 3

Percentage of contribution factors

Table 15 depicts that material positioning and traverse speed play a major role in the variation of
SFSPed AA8011/AA6082 dissimilar joint and this percentage contribution correlate with the relevant
F-value of these factors. The two major contributing factors agree with the rankings shown in Table
12. The variation of percentage elongation for SFSPed AA8011/AA6082 dissimilar joint depends on
the material positioning and the tilt angle with a percentage contribution of 37.22% and 9.8%,
respectively. This percentage contribution (see Table 16) correlates with the factor ranking shown in
Table 13. The percentage contribution shown in Table 17 suggests that traverse speed and material
positioning play a significant role in the microhardness of the SFSPed AA8011/AA6082 dissimilar
joint [11,17-19]. This percentage contribution correlates with the rankings shown in Table 14.

Table 15. Factor contribution to the variation of UTS.

Source DF Contribution F-Value

70.94% 36.29

RS(rpm) 2 3.72% 0.95

TS(mm/min) 2 3.95% 1.01

TA(°) 2 1.84% 0.47
Error 10 19.55%
Total 17 100.00%

Table 16. Factor contribution to the variation of percentage elongation.

Source DF Contribution F-Value
MP 1 37.22% 8.61
RS(rpm) 2 1.83% 0.21
TS(mm/min) 7.93% 0.92
TA(°) 2 9.80% 1.13

Error 10 43.23%

Total 17 100.00%
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Table 17. Factor contribution to the variation of microhardness.

Source DF Contribution F-Value
MP 1 14.23% 5.37
RS(rpm) 2 0.10% 0.02
TS(mm/min) 2 53.57% 10.11
TA(°) 2 5.60% 1.06

Error 10 26.49%

Total 17 100.00%

Conclusion

The parametric optimization for performing friction stir processing on the AA8011/AA6082
dissimilar joint was performed with the assistance of the Taguchi Lig factorial method. The
optimization of parameters was based on conducting FSP under two different conditions i.e. room
temperature and underwater. The Taguchi technique showed that the maximum UTS for NFSP could
be attained when the rotational speed is set to level 3, traverse speed set to level 1, material positioning
set to level 2, and the tilt angle set to level 2. The maximum percentage elongation for NFSP could
be attained when the rotational speed is set to level 3, traverse speed set to level 3, material positioning
set to level 2, and the tilt angle set to level 2. Lastly, the maximum microhardness for NFSP could be
attained when the rotational speed is set to level 1, traverse speed set to level 2, material positioning
set to level 1, and the tilt angle set to level 2. The maximum UTS for SFSP could be attained when
the rotational speed is set to level 2, traverse speed set to level 3, material positioning set to level 2,
and the tilt angle set to level 3. The maximum percentage elongation for SFSP could be attained when
the rotational speed is set to level 3, traverse speed set to level 1, material positioning set to level 2,
and the tilt angle set to level 3. Lastly, the maximum microhardness for NFSP could be attained when
the rotational speed is set to level 1, traverse speed set to level 1, material positioning set to level 1,
and the tilt angle set to level 2. The conditions through which the FSP has conducted influence the
combination of parameters.
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