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Friction stir welding is a solid-state welding method that produces joints with superior mechanical and metallurgical properties.
However, the negative effects of the thermal cycle during welding dent the mechanical performance of the weld joint. Hence, in
this research study, the joining of aluminum tailor welded blanks by friction stir welding is carried out in underwater conditions
by varying the welding parameters. The tensile tests revealed that the underwater welded samples showed better results when
compared to the air welded samples. Maximum tensile strength of 229.83 MPa was obtained at 1000 rpm, 36 mm/min. The
improved tensile strength of the underwater welded samples was credited to the suppression of the precipitation of the secondary
precipitates due to the cooling action provided by the water. The lowest hardness of 72 HV was obtained at the edge of the stir zone

which indicated the weakest region in the weld zone.

1. Introduction

Friction stir welding (FSW), a solid welding technique, is
employed to produce weldments with superior joint prop-
erties when compared to conventional welding methods.
Developed in the year 1991 by The Welding Institute, UK,
the FSW process has seen a rapid growth in transportation
industry especially in high-speed rails, high-speed ferries,
aircrafts, and automobiles [1, 2]. The application of tailor
welded blanks in automobiles has enhanced the productivity
at reduced costs and has a great potential in marine ap-
plications [3]. Aluminum alloys such as Al 5083 and Al 6082,
marine grade alloys, are used in ship hull and superstructure
and extruded stiffeners [4, 5]. Zadpoor et al. [6] studied the
mechanical and microstructural characteristics of the tailor
welded blanks. Leitdo et al. [7] studied the formability of

friction stir welded similar and dissimilar tailor welded
blanks of Al 5182-HI111 and 6016-T4. Gungor et al. [4]
joined Al 5083 H111 and Al 6082-T6 alloys in similar and
dissimilar configurations and studied the tensile and fatigue
strength of the welded joints. Dragatogiannis et al. [5]
achieved superior properties in Al 5083-Al 6082 joint by
FSW by incorporating TiC nanoparticles in the weld zone.
Peel et al. [8] observed better mechanical properties by
placing Al 5083 on the advancing side as it enhanced suf-
ficient material mixing at the stir zone. Anil et al. [9] ob-
tained superior properties in dissimilar joint configuration
when compared to similar joint configuration in FSW of Al
5083 and Al 6082. Svensson et al. [10] joined Al 5083 and Al
6082 by FSW and observed precipitates in the weld zone
which was the reason of low microhardness. Donatus et al.
[11] studied the material flow in dissimilar FSW of Al 5083-
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O and Al 6082-T6 and concluded that tool shoulder and pin
played a vital role in material transportation and micro-
structural evolution. Liu et al. [12] observed increased tensile
strength in underwater FSW of Al 2219 samples when
compared with that of air welded samples.

Yogeshwaran et al. found that welding speed played a
significant role in determining the failure zone of the weld
joint as the increase in welding speed resulted in narrowing
of the softening region [13]. Rui et al. [14] studied the in-
fluence of water temperature on mechanical properties of
submerged friction stir welded Al 7050 alloys. Mofid et al.
[15] observed that rapid cooling action provided by the
submerged medium (liquid nitrogen and water) dented the
growth of intermetallic compound formation in submerged
friction stir welding of Al and Mg alloys. Kokila et al. [16]
also observed similar phenomena in underwater FSW of Al
and Mg alloys. Rathinasuriyan and Senthilkumar [17]
studied the effects of water head on mechanical properties of
the underwater FSW of Al 6061 and optimized it along with
other process parameters by response surface methodology.
Sabari et al. [18] studied the effects of pin profile on me-
chanical and microstructural properties in submerged
friction stir welding of Al 2519-T87 alloy. Rouzbehani et al.
[19] observed that water cooling reduced the width of the
HAZ layer in the weld zone in submerged friction stir
welding of Al 7075 alloys. Wahid et al. [20] concluded that
low peak temperatures obtained in submerged friction stir
welding due to water cooling resulted in denting of grain
growth and dissolution of precipitates that enhanced the
strength of the weld joint. Since most of the literatures have
reported the joining of A1 5083 and Al 6082 in air conditions,
the underwater welding of these two alloys have not been
reported in any of the literatures available; hence, an attempt
is done to study the tensile properties and microhardness of
the underwater friction stir welded samples.

2. Materials and Methods

Aluminum alloys Al 5083 and Al 6082 were cut to required
size of 150 x 80 x 6 mm and 150 x 80 x 5mm using power
axe-saw machine and cleaned with acetone to remove dust
and oil. The chemical composition and mechanical prop-
erties of the alloys are given in Tables 1 and 2, respectively.

The FSW machine, R. V. Machine Tools, 11 kW was
employed to join Al 5083 and Al 6082 which were placed on
the advancing side (AS) and retreating side (RS), respec-
tively, Figure 1.

A square pin (Figure 2) of H-13 tool steel with tool
dimensions of 25 mm shoulder diameter and pin length of
4.7 mm is used to join the blanks based on the results ob-
tained from previous research studies. The square pin tool
was selected for the joining the dissimilar Al alloy, as this
tool induces sufficient plasticization of the Al alloys due to
the increased probe area and also due to the pulsating action
of the tool [21].

Six samples were welded under water condition at 29°C
and 25 mm water head. The FSW process parameters and the
test results are given in Table 3. The weldments were cut to
the dimensions of 100x25mm tensile test specimen
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TaBLE 1: Chemical composition of aluminum alloys.

Element Al5083 Cu Fe Mg Mn Si Cr Al
Wt% 01 04 42 04 025 0.2 Balance
Element Al 6082 Si Fe Cu Mn Cr Zn Al
Wt% 0.7 04 01 06 02 018 Balance

according to ASTM E8M-02 standard and tested at cross-
head speed of 1 mm. The hardness test was conducted using
ASTM E-92 standard at loading conditions of 200 g for 15s.

3. Results and Discussion

The mechanical properties of underwater welded samples at
different tool rotational speeds are compared. The under-
water welded samples possessed high strength than the air
welded samples. The samples welded at a constant weld
speed of 24 mm/min were observed with tunnel defects. The
tunnel defects are formed due to insufficient plasticization
and poor material mixing by the tool profile at the specific
welding speed [22]. However, the samples welded under-
water at 36 mm/min showed better mechanical properties, as
shown in Figure 3. The rapid cooling action provided by
water resulted in denting the grain growth and formation of
fine grains that might have enhanced the mechanical
strength. Moreover, the welding temperature during the
underwater FSW would have been <250°C, which dented the
coarsening of the strengthening precipitate Mg,Si to en-
hance the weld strengths of underwater welded samples
compared to the air welded samples [23, 24]. The tensile test
samples of failed at the weld zone indicating the nugget zone
is not in contact with the submerged medium during FSW
which resulted in formation of a weaker zone at the nugget
region [12]. The tensile strength of the underwater tensile
welded samples tends to decrease with increase in tool
rotational speed that increases the temperature at the weld
zone which resulted in grain growth in the weld zone; hence,
the drop in tensile strength is observed [25, 26].

According to Zadapoor et al. [6] the tensile strength of
the tailor welded blank is impacted by the change in the
stress concentration factor at the nugget zone, which de-
pends on the thickness of the alloy. Since the blanks of two
different thicknesses are being welded, the thickness at the
weld zone (nugget) is slightly higher than the thickness of Al
6082; therefore, gradual change in thickness of the nugget
zone may improve the mechanical properties of the welded
sample. Moreover, the joints during tensile testing show
heterogeneous plasticization due to their differences in
thicknesses. The plastic deformation in the tailor welded
samples during the monotonic loading during the tensile test
is determined by the following equation.

YS Tl

Urs T2
where T1 and T2 are the thickness of the blanks, mm.
According to this criterion, when the ratio of yield
strength to ultimate tensile strength is lesser than the ratio of

thicknesses, the plastic deformation is said to be concen-
trated in both the alloys, whereas when the ratio of strengths

(1)
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TaBLE 2: Mechanical properties of aluminum alloys.
Density (kg/cm3) Yield strength (MPa) Ultimate tensile strength (MPa) Elongation (%) Alloy
2.66 288 341 23 Al 5083
2.70 143 295 11 Al 6082
. 3 A1’5083
¥ L //
' Tool
Tank
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FIGURE 1: Submerged FSW set-up.
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FIGURE 2: Square probe FSW tool.
TaBLE 3: Welding parameters for air and underwater FSW with results.
Sample Rotational Welding Air welded, yield Alr we?ded, ultimate Underwater welded, UnderwateF welded,
no speed (rpm)  speed, mm (s) strength (MPa) tensile strength yield strength (MPa) ultimate tensile strength
) ’ (MPa) (MPa)

1 1000 24 78.99 87 129.68 140.68
2 1200 24 82.25 114.7 134.19 138.28
3 1400 24 87.99 91.82 136.47 148.78
4 1000 36 120 122.18 159.28 229.89
5 1200 36 128 138.78 177.715 182.44
6 1400 36 150.64 154.13 165.626 208.48

is greater than the thickness ratio, then the thinner alloy Al
6082 is plastically deformed. The samples 4 and 5 welded at
36 mm/min agree with the first condition as given in Table 4.

3.1. Microhardness and Microstructure analysis. Figure 4
shows the microhardness results; the study was carried
out for the sample 4 by application of 200 g load for 15s. The



250

200

150

100

50

Ultimate tensile strength (MPa)

1000

Advances in Materials Science and Engineering

1200 1400

Rotational speed (RPM)

M Air welded
M Underwater welded

FIGURE 3: Comparison of tensile strength for air welded and underwater welded FSW samples at 36 mm/min.

TaBLE 4: Limiting stress ratio criterion.

Sample no. YS (MPa) UTS (MPa) YS/UTS T,/T,
4 159.28 229.89 0.69 0.83
5 165.62 208.48 0.79 0.83
6 177.71 182.44 0.97 0.83
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FIGURE 4: Microhardness survey for sample 4, underwater welded
specimen joined at 1000 rpm, 36 mm/min.

lowest hardness of 72 HV was observed at the edge of the stir
zone (SZ) which indicated the region of failure at the weld
zone. The hardness increased at SZ and TMAZ to show that
these regions have been strengthened by the water cooling
effect.

The microstructure analysis was performed by polishing
the sample with different grades of emery sheets and velvet
cloth polishing with diamond solution, followed by etching
the sample with Keller’s reagent. The macrostructure (Fig-
ure 5) revealed the mixed flow between the two alloys at the
stir zone. The mixed flow indicated that Al 5083 and Al 6082
were able to undergo severe plastic deformation induced by
the square tool; however, the complete mixing of the alloys
was not achieved [21].

The optical microstructure (Figure 6) revealed the for-
mation of the kissing bond or oxide line with severe plastic
deformation (OJLwSPD), which was caused due to the
breakdown of the surface oxides. The formation of such a

FIGURE 5: Macrostructure of sample 4, underwater welded speci-
men joined at 1000 rpm, 36 mm/min.

| 00m |

FIGURE 6: Microstructure of sample 4, underwater welded speci-
men joined at 1000 rpm, 36 mm/min.

defect was due to the insufficient plasticization due to poor
stirring of Al 5083 and Al 6082 in underwater conditions.

4. Conclusions

The underwater welded samples perform better mechan-
ically when compared to air welded samples. Maximum
tensile strength of 229.83 MPa was obtained at 1000 rpm,
36 mm/min. The rapid cooling action provided by the water
resulted in enhancement of the mechanical strength when
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compared to air welded samples. The tensile strength of the
weld joint decreased with the increase in tool rotational
speed that increased the heat input during the welding
process that resulted in grain growth at the stir zone. All the
six joints welded underwater failed at the weld zone. The
lowest hardness of 72 HV obtained for water welded samples
was observed at the stir zone indicating the failure zone of
tensile-tested joint.
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