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Elemental composition of the corroded region (a) Specimen FSWO05; (d) Specimen FSW13.

Table 4.

Microhardness, tensile strength, % elongation, corrosion rate and wear rate of friction stir welded AA8011 alloy.

Specimen Tool Welding  Shoulder Tensile Elongation Joint Average  Wearrate Corrosion
code rotation speed diameter strength efficiency (HV) rate

speed

rom mm/min mm MPa % % (9/Nm) (um/year)
FSWO1 1400 30 21 58.28 12.8504 52.11 36.20 2.71x107 5.922
FSW02 1200 30 18 61.92 14.2677 55.36 33.50 3.43x107 1.706
FSWo03 1600 45 21 60.28 13.3543 53.90 40.56 2.16x107 9.196
FSWo04 1200 60 18 53.91 11.4488 48.20 32.50 1.80x107  2.518
FSWO05 1400 45 18 51.60 11.1339 46.13 31.04 1.26x107 1.414
FSW06 1600 60 18 58.62 13.2441 52.41 36.74 2.52x107  11.215
FSWo07 1400 60 15 54.84 13.5392 49.03 27.78 1.98x107 8.059
FSWo08 1400 30 15 56.99 8.4409 50.95 31.74 1.98x107  10.250
FSW09 1400 60 21 49.83 10.8031 44.55 38.96 2.52x107 10.255
FSW10 1600 45 15 4447 9.2000 39.76 34.66 4.15x107 4.285
FSW11 1200 45 21 62.20 14.4882 55.62 36.56 1.98x107 6.477
FSW12 1600 30 18 37.29 5.6384 33.34 35.92 2.34x107 6.702
FSW13 1200 45 15 52.10 11.4520 46.58 32.34 7.39x107 9.914
BM 111.84 22.8814 40.78 3.24x107 11.320

Radial basis functions RBF,, RBF,, RBF, RBF, RBF,, RBF,
were developed with a multiquadratic kernel and regularization
parameter of 0.0001.The parameters for the radial basis functions
RBF,, RBF, RBF, RBF, RBF, RBF, are given in Table 5. The
developed models were assessed to determine their prediction
efficiency based on statistical parameters, i.e. the coefficient of

Trans. marit. sci. 2021; 01: 20-41

determination (R?), the adjusted coefficient of determination (adj.
R?), and root mean squared error (RMSE). The closeness of RMSE
value to 0, R? to 1, and the equivalence of R? and adj. R? indicate
that the developed model is efficient in prediction (Cavazutti,
2013; Eriksson et al., 2000; Park, 2007). The statistical parameters
for the developed models are given in Table 6. Table 6 clearly
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Table 5.
Radial basis function parameters in the developed models.

Sl. RBF Centers Global width

1 RBF, 4 0.029147

2 RBF, 4 0.00011911

3 RBF, 4 0.00011911

4 RBF, 4 0.00011911

5 RBF, 4 0.6216

6 RBF, 4 0.00011911
Table 6.

Statistical summary of the developed models.

shows that the R? value is close to 1, that R? and adj. R? values
are equal, and that RMSE values are close to 0. Therefore, the
predictions of the developed models are statistically significant.
A linear trend was observed between the experimental and
predicted values of microhardness, tensile strength, joint
efficiency, elongation, corrosion rate, and wear rate, as shown
in Figure 10. The linearity of the graphs is indicative of the high
prediction efficiency of the developed models. These statistically
significant models were utilized to study the influence of friction
stir welding process parameters on the microhardness, tensile
strength, joint efficiency, elongation, corrosion rate, and wear
rate, which are discussed in the following section.

Sl. Model Statistical summary of the developed models
RMSE R2 Adj R2

1 Microhardness 0.01148 0.999908 0.999989
2 Tensile strength 1.032178 0.996351 0.979229
3 Joint efficiency 0.921775 0.99636 0.979286
4 Elongation 0.075804 0.999818 0.999124
5 Corrosion rate 0.075755 0.998898 0.999511
6 Wear rate 1.46E-08 0.998245 0.991261

3.6. The Influence of Friction Stir Welding Process
Parameters on Microhardness

The influence of tool rotation speed, welding speed, and
shoulder diameter on the microhardness of the friction stir welded
specimens is shown in Figure 11. Figure 11 (a) shows the effect of
tool rotation speed and welding speed at shoulder diameter of
18 mm on the microhardness of the welded specimens. Figure 11
(b) shows the effect of tool rotation speed and shoulder diameter
at the welding speed of 45 mm/min on the microhardness of
the welded specimens. Figure 11 (c) shows the effect of welding
speed and shoulder diameter at the tool rotation speed of 1400
rpm on the microhardness of the welded specimens.

Trans. marit. sci. 2021; 01: 20-41

The summary of the contour plots is given in Table 7. The
following results are deduced from the contour plots.
. Friction stir welding of specimens at the tool rotation
speed of 1400 rpm, welding speed between 55 and 60 mm/min
and shoulder diameter between 15 and 15.5 mm resulted in the
lowest microhardness.
. Friction stir welding of specimens at tool rotation speed
between 1500 rpm and 1600 rpm, welding speed 45 mm/min,
and shoulder diameter between 20 mm and 21 mm resulted in
the highest microhardness.
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Figure 11.
Effect of friction stir welding process parameters on microhardness (a) tool rotation speed and welding speed; (b) tool
rotation speed and shoulder diameter; (c) welding speed and shoulder diameter.

Table 7.
Summary of microhardness contour plots.

SI. Reference Process Parameter range Microhardness (HV)

Tool rotation speed (rpm)  Tool traverse speed (mm/min)  Shoulder diameter (mm)

Range Range Range
1 Figure 11 (a) 1300 1400 45 55 18 Minimum 30 and 31
2 Figurell (a) 1550 1600 30 60 18 Maximum 35 and 37
3 Figure 11 (b) 1300 1400 45 15 17 Minimum 30and 31
4 Figure 11 (a) 1500 1600 45 20 21 Maximum 38 and 40
5 Figure 11 (c) 1400 55 60 15 15.5 Minimum 28 and 29
6  Figure 11 (c) 1400 55 60 20 21 Maximum 37 and 38
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3.7. Influence of Friction Stir Welding Process
Parameters on Tensile Strength

The influence of tool rotation speed, welding speed, and
shoulder diameter on the tensile strength of the friction stir
welded specimens is shown in Figure 12. Figure 12 (a) shows
the effect of tool rotation speed and welding speed at shoulder
diameter of 18 mm on the tensile strength of the welded
specimens. Figure 12 (b) shows the effect of tool rotation speed
and shoulder diameter at the welding speed of 45 mm/min on
the tensile strength of the welded specimens. Figure 12 (c) shows
the effect of welding speed and shoulder diameter at the tool
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Figure 12.

rotation speed of 1400 rpm on the tensile strength of the welded
specimens.

The contour plot summary is given in Table 8. The following
results have been deduced from contour plots.
. Friction stir welding of specimens at the tool rotation speed
between 1500 rpm and 1600 rpm, welding speed between 30
mm/min and 35 mm/min, and shoulder diameter of 18 mm
resulted in the lowest tensile strength.
. Friction stir welding of specimens at the tool rotation speed
between 1200 rpm and 1250 rpm, welding speed of 45 mm/min,
and shoulder between 20 mm and 21 mm resulted in the highest
tensile strength.

b) 21 62

60
20
58

56

Shoulder Diameter (mm)

15
1200 1300 1400 1500 1600
Tool Rotation Speed (rpm)

Effect of friction stir welding process parameters on tensile strength (a) tool rotation speed and welding speed; (b) tool
rotation speed and shoulder diameter; (c) welding speed and shoulder diameter.
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Table 8.
Summary of tensile strength contour plots.

Sl.  Reference

Process parameter range

Tensile strength (MPa)

Tool rotation speed (rpm)

Tool traverse speed (mm/min)

Shoulder diameter (mm)

Range Range Range
1 Figure 12 (a) 1500 1600 30 35 18 Minimum 35 and 40
2 Figure 12 (a) 1200 1250 30 35 18 Maximum 58 and 60
3 Figure 12 (b) 1550 1600 45 15 15.5 Minimum 45 and 46
4 Figure 12 (b) 1200 1250 45 20 21 Maximum 60 and 62
5 Figure 12 (c) 1400 50 55 19 21 Minimum 49 and 50
6 Figure 12 (c) 1400 30 40 20.5 21 Maximum 57 and 58

3.8. Influence of Friction Stir Welding Process
Parameters on Joint Efficiency

The influence of tool rotation speed, welding speed, and
shoulder diameter on the joint efficiency of the friction stir welded
specimens is shown in Figure 13. Figure 13 (a) shows the effect of
tool rotation speed and welding speed at shoulder diameter of
18 mm on the joint efficiency of the welded specimens. Figure 13
(b) shows the effect of tool rotation speed and shoulder diameter
at a welding speed of 45 mm/min on the joint efficiency of the
welded specimens. Figure 13 (c) shows the effect of welding
speed and shoulder diameter at the tool rotation speed of 1400
rpm on the joint efficiency of the welded specimens.

Table 9.
Summary of joint efficiency contour plots.

SI.  Reference

Process parameter range

The contour plot summary is given in Table 9. The following
results have been deduced from the contour plots.
. Friction stir welding of specimens at the tool rotation speed
between 1500 rpm and 1600 rpm, welding speed between 30
mm/min and 40 mm/min, and shoulder diameter of 18 mm
resulted in the lowest joint efficiency.
. Friction stir welding of specimens at the tool rotation speed
between 1200 rpm and 1250 rpm, welding speed of 45 mm/min,
and shoulder between 20 mm and 21 mm resulted in the highest
joint efficiency.

Joint efficiency (%)

Tool rotation speed (rpm) Tool traverse speed (mm/min)

Shoulder diameter (mm)

Range Range Range
1 Figure 13 (a) 1500 1600 30 40 18 Minimum 34 and 38
2 Figure 13 (a) 1200 1250 30 35 18 Maximum 52 and 54
3 Figure 13 (b) 1550 1600 45 15 15.5 Minimum 39 and 40
4 Figure 13 (b) 1200 1250 45 20 21 Maximum 53 and 55
5 Figure 13 (c) 1400 55 60 20 21 Minimum 45 and 46
6  Figure 13 (c) 1400 30 40 20.5 21 Maximum 51 and 52

R. Arun Kumar et al.: Examination of the Mechanical, Corrosion, and Tribological Behavior of Friction Stir Welded Aluminum Alloy AA8011



=
S’
=2}
=]

Joint

Jomnedd B

52

~ EY
. | | 48
X . 46
b L = 44

A ) 42

; 7 10

0 38

| 3%

S | 34

1200 1300 1400 1500 1600
Tool Rotation Speed (rpm)

o
o

o
o

Welding Speed (mm/min)
IS S
o o

W
w

<)
S

Shoulder Diameter (mm)

%
51

50

49

48

. a7

(1l B

:" 45

30 ' 35 40 45 50 55 60
Welding Speed (mm/min)

Figure 13.

55

50

45

Shoulder Diameter (mm)

40

15 -—
1200 1300 1400 1500 1600
Tool Rotation Speed (rpm)
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3.9. Influence of Friction Stir Welding Process
Parameters on Elongation

The influence of tool rotation speed, welding speed, and
shoulder diameter on the elongation of the friction stir welded
specimens is shown in Figure 14. Figure 14 (a) shows the effect of
tool rotation speed and welding speed at shoulder diameter of
18 mm on the elongation of the welded specimens. Figure 14 (b)
shows the effect of tool rotation speed and shoulder diameter at
a welding speed of 45 mm/min on the elongation of the welded
specimens. Figure 14 (c) shows the effect of welding speed and

Trans. marit. sci. 2021; 01: 20-41

shoulder diameter at the tool rotation speed of 1400 rpm on the
elongation of the welded specimens.

The contour plot summary is given in Table 10. The
following results have been deduced from the contour plots.
. Friction stir welding of specimens at the tool rotation speed
between 1500 rpm and 1600 rpm, welding speed between 30
mm/min and 35 mm/min, and shoulder diameter of 18 mm
resulted in the lowest elongation.
. Friction stir welding of specimens at the tool rotation speed
between 1200 rpm and 1250 rpm, welding speed of 45 mm/min,
and shoulder between 20 mm and 21 mm resulted in the highest
elongation.
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Effect of friction stir welding process parameters on % elongation (a) tool rotation speed and welding speed; (b) tool
rotation speed and shoulder diameter; (c) welding speed and shoulder diameter.

Table 10.
Summary of elongation contour plots.

SI.  Reference Process parameter range Elongation (%)

Tool rotation speed (rpm)  Tool traverse speed (mm/min)  Shoulder diameter (mm)

Range Range Range
1 Figure 14 (a) 1500 1600 30 35 18 Minimum 6and 7
2 Figure 14 (a) 1200 1250 30 35 18 Maximum 13 and 14
3 Figure 14 (b) 1550 1600 45 15 15.5 Minimum 9and 9.5
4 Figure 14 (b) 1200 1250 45 20 21 Maximum 13.5and 14
5 Figure 14 (c) 1400 30 35 15 16 Minimum 8.5and 9
6  Figure 14 (c) 1400 30 40 20.5 21 Maximum 12.5and 13
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3.10. Influence of Friction Stir Welding Process
Parameters on Wear Rate

The influence of tool rotation speed, welding speed, and
shoulder diameter on the wear rate of the friction stir welded
specimens is shown in Figure 15. Figure 15 (a) shows the effect
of tool rotation speed and welding speed at shoulder diameter
of 18 mm on the wear rate of the welded specimens. Figure 15 (b)
shows the effect of tool rotation speed and shoulder diameter at
the welding speed of 45 mm/min on the wear rate of the welded
specimens. Figure 15 (c) shows the effect of welding speed and
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x‘iO'Tb)

shoulder diameter at the tool rotation speed of 1400 rpm on the
wear rate of the welded specimens.

The contour plot summary is given in Table 11. The
following results have been deduced from the contour plots.
. Friction stir welding of specimens at the tool rotation speed
between 1400 rpm and 1500 rpm, welding speed of 45 mm/min,
and shoulder diameter between 18 mm and 20 mm resulted in
the lowest wear rate.
. Friction stir welding of specimens at the tool rotation speed
between 1200 rpm and 1250 rpm, welding speed of 45 mm/min,
and shoulder between 15 mm and 16 mm resulted in the highest
wear rate.

x107
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15 WANNNANTE .
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Effect of friction stir welding process parameters on wear rate ((a) tool rotation speed and welding speed; (b) tool rotation
speed and shoulder diameter; (c) welding speed and shoulder diameter.
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Table 11.
Summary of wear rate contour plots.

Sl.  Reference Process parameter range Wear rate (g/Nm)
Tool rotation speed (rpm) Tool traverse speed (mm/min) Shoulder diameter (mm)
Range Range Range

1 Figure 15(a) 1400 1500 35 45 18 Minimum 0.5and 1.0

2 Figure15(a) 1200 1250 30 35 18 Maximum 3.0 and 3.5

3  Figure15(b) 1400 1500 45 18 20 Minimum  Less than 1.0
4 Figure 15 (b) 1200 1250 45 15 16 Maximum 6.5 and 7.0

5 Figure15(c) 1400 40 45 18 20 Minimum 1.0and 1.2

6 Figure 15(c) 1400 40 50 15 15.5 Maximum 2.8 and 3.0

3.11. Influence of Friction Stir Welding Process
Parameters on Corrosion Rate

The influence of tool rotation speed, welding speed, and
shoulder diameter on the corrosion rate of the friction stir welded
specimens is shown in Figure 16. Figure 16 (a) shows the effect of
tool rotation speed and welding speed at shoulder diameter of
18 mm on the corrosion rate of the welded specimens. Figure 16
(b) shows the effect of tool rotation speed and shoulder diameter
at the welding speed of 45 mm/min on the corrosion rate of the
welded specimens. Figure 16 (c) shows the effect of welding

Table 12.
Summary of corrosion rate contour plots.

SI.  Reference

Process parameter range

speed and shoulder diameter at the tool rotation speed of 1400
rpm on the corrosion rate of the welded specimens.

The contour plot summary is given in Table 12. The
following results have been deduced from the contour plots.
. Friction stir welding of specimens at the tool rotation speed
between 1200 rpm and 1400 rpm, welding speed of 35 mm/min
and 45 mm/min, and shoulder diameter between 17.5 and 19.5
resulted in the lowest corrosion rate.
. Friction stir welding of specimens at the tool rotation speed
between 1550 rpm and 1600 rpm, welding speed between 55
mm/min and 60 mm/min, and 18 mm shoulder resulted in the
highest corrosion wear rate.

Corrosion rate (um/year)

Tool rotation speed (rpm)  Tool traverse speed (mm/min)

Shoulder diameter (mm)

Range Range Range
1 Figure 16 (a) 1200 1400 30 45 18 Minimum  Less than 1
2 Figure 16 (a) 1550 1600 55 60 18 Maximum 10and 11
3 Figure 16 (b) 1200 1400 45 17 19.5 Minimum  Less than 1.0
4 Figure 16 (b) 1550 1600 45 20 21 Maximum 8and 9.5
5 Figure 16 (c) 1400 35 40 17.5 19 Minimum  Less than 1.0
6  Figure 16 (c) 1400 55 60 20 21 Maximum 9and 10
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4. CONCLUSION

Aluminum alloy AA8011 plates were successfully joined
using the friction stir welding process. Friction stir welding tests
were conducted on AA8011 by varying tool rotation speed,
welding speed, and tool shoulder diameter. The joined plates
were subjected to tensile test, wear test, and corrosion test.
Quadratic — Radial Basis Function models were developed to
correlate the friction stir welding process parameters with joint
properties. The statistical parameters have verified the high
effectiveness of the developed models. The results are as follows:
. Friction stir welding is an effective methodology for joining
aluminum alloy 8011 and properties are appreciably affected by
friction stir welding process parameters.

. Friction stir welding of a specimen at 1200 rpm, 45 mm/
min, 21 mm resulted in the maximum ultimate tensile strength of
62.20 MPa, with the high joint efficiency of 55.62%.

Trans. marit. sci. 2021; 01: 20-41

. The microhardness of aluminum alloy 8011 was found to
be 41.6 HV. Friction stir welding of a specimen at 1600 rpm, 45
mm/min, 21 mm resulted in the high hardness (40.56 HV) in
the nugget zone among the tested specimens. However, joint
strength was ~2% lower than measured in specimen FSW11.

. The wear rate of aluminum alloy 8011 is 3.24x10°" g/
Nm. Specimen FSWO05 (welded at 1400 rpm, 45mm/min, and
18mm) had the low wear rate of 1.26x10°%” g/Nm. The results of
the immersion corrosion test show that specimen FSWO05 had
the lowest corrosion rate of 0.0014 mm/year among the tested
specimens.

. Based on joint efficiency as primary constraint, optimum
process parameters for friction stir welding of aluminum alloy
AA8011 have been established as follows: tool rotation speed of
1200 rpm, tool traverse speed of 45 mm/min, and tool shoulder
diameter of 21 mm.
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