
Citation: Wakchaure, K.; Chaudhari,

R.; Thakur, A.; Fuse, K.; Lopez de

Lacalle, L.N.; Vora, J. The Effect of

Cooling Temperature on

Microstructure and Mechanical

Properties of Al 6061-T6 Aluminum

Alloy during Submerged Friction Stir

Welding. Metals 2023, 13, 1159.

https://doi.org/10.3390/

met13071159

Academic Editors: Alfonso Paoletti

and Jiankang Huang

Received: 19 May 2023

Revised: 12 June 2023

Accepted: 21 June 2023

Published: 22 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

The Effect of Cooling Temperature on Microstructure and
Mechanical Properties of Al 6061-T6 Aluminum Alloy during
Submerged Friction Stir Welding
Kiran Wakchaure 1 , Rakesh Chaudhari 2 , Ajaykumar Thakur 1, Kishan Fuse 2,*,
Luis Norberto Lopez de Lacalle 3,* and Jay Vora 2

1 Department of Mechatronics Engineering, Sanjivani College of Engineering, Savitribai Phule Pune University,
Kopargaon 423603, India; wakchaurekiranmk@sanjivani.org.in (K.W.); principalcoe@sanjivani.org.in (A.T.)

2 Department of Mechanical Engineering, School of Technology, Pandit Deendayal Energy University, Raysan,
Gandhinagar 382007, India; rakesh.chaudhari@sot.pdpu.ac.in (R.C.); jay.vora@sot.pdpu.ac.in (J.V.)

3 Department of Mechanical Engineering, Escuela Superior de Ingenieros, University of the Basque Country,
Alameda de Urquijo s/n, 48013 Bilbao, Spain

* Correspondence: kishan.fuse@sot.pdpu.ac.in (K.F.); norberto.lzlacalle@ehu.eus (L.N.L.d.L.)

Abstract: Submerged friction stir welding (SFSW) is a new modification of friction stir welding. In this
paper, 6 mm thick 6061Al-T6 alloy plates were welded using the friction stir technique under normal
air and submerged water conditions at 108 mm/min welding speeds and a rotational rate of 900 rpm.
The cooling water temperature in SFSW varied at 0 ◦C, 35 ◦C, and 80 ◦C to clarify the effect of water
temperature. The characteristic hourglass-shaped stir zone was observed in the macrostructure of
all the samples. All the samples exhibited defect-free joints. The results revealed that the finer grain
size of 2.43 µm was at 0 ◦C. The macrostructure of SFSW joints separated into the shoulder-driven
zone and pin-driven zone due to the low-temperature difference between the environment and
water media and the high heat absorption capacity of the water, which caused a more substantial
cooling rate during water-submerged welded joints. The microhardness distribution of all the joints
showed typical “W” shape characteristics. The microhardness for all submerged samples was higher
than in normal air conditions due to the higher thermal cycling effect in submerged conditions.
Improved dynamic recrystallization in the joint welded at 80 ◦C resulted in the highest tensile
strength (~249 MPa) and microhardness (~95 HV).

Keywords: friction; green; microstructure; submerged; welding

1. Introduction

Friction stir welding (FSW) is a novel and effective solid-state green welding technol-
ogy for joining materials. The filler material and cover gas are not required for performing
this process. Other advantages include no fumes, no arc, less energy consumption, and
less scatter, making the process a sustainable choice for joining in manufacturing [1,2].
Due to friction between the non-consumable tool and workpiece, the joining material
undergoes plastic deformation and severe stirring in the FSW process [3,4]. The process
occurs below the material’s melting temperature compared to conventional fusion welding
processes, in which melting is essential for joining the material. The melting phenomenon
followed by solicitation in fusion techniques produces defects in welded components such
as solidification cracking, larger heat affected zone, etc. [5,6]. Due to its low-temperature-
joining characteristic, the FSW has been explored for joining various similar and dissimilar
materials. Despite these advantages of FSW, the thermal cycle involved in FSW causes
a dissolution of strengthening precipitates, producing softened joints resulting in poor
mechanical characteristics [7–9].

The limitations involved in the FSW process give rise to the development of the many
variants over time [10]. Submerged friction stir welding (SFSW) is a new modification of
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FSW to overcome the limitations mentioned earlier. The SFSW involves using water as a
coolant to standardize the temperature. Cao et al. [11] investigated the SFSW of AF2507
super duplex stainless steel (SDSS). They reported that the submerged FSW joint had
significantly lower residual stress due to the apparent lower welding temperature, which
increased the fatigue resistance. Heirani et al. [12] compared the mechanical properties of
Al5083 alloy during FSW in room-temperature water and air environment. They observed
a higher tensile strength in water-cooled FSW than in air. This was attributed to higher
stir zone (SZ) hardness for water-cooled samples. Liu et al. [13] studied underwater FSW
using room-temperature water on 2219 aluminum alloy. They reported a higher tensile
strength of 341 MPa SFSW compared to the 324 MPa in normal conditions. They also found
that fracture in underwater-welded joints occurs at the interface of the nugget zone and
the thermomechanically affected zone (TMAZ) on the advancing side (AS), significantly
different from the typical joint. Shanavas et al. [14] addressed the feasibility of underwater
FSW of AA 5032 H32 alloy using room-temperature water to improve the joining strength.
They reported tensile strength of 208.9 MPa in SFSW at 700 rpm and 65 mm/min welding
speed. They also noted the absence of a heat-affected zone in underwater welds.

The researchers also investigated dissimilar material-joining using FSW in submerged
conditions. Derazkola and Khodabakhshi [15] performed a feasibility study on SFSW
of AA5083 aluminum alloy and A441 AISI steel. They used water at 0, 25, and 50 ◦C.
They reported that cooling influenced on inter-mixing of dissimilar metals. They observed
a decrease in intermetallic compounds’ (IMCs) layer thickness by decreasing the peak
temperature. The room-temperature cooling medium resulted in the best tensile strength
of 310 MPa and an elongation of 13%. Mahto et al. [16] presented the feasibility of SFSW
between AA6061-T6 and AISI 304 by varying rotation speed. They reported finer grains
in SZ, a reduced weld porosity, and a reduced thickness of IMC due to a faster cooling
rate. Zhao et al. [17] carried out SFSW of dissimilar 6013 Al alloy and AZ31 Mg alloy
at the rotation speed of 1200 rpm and a welding speed of 80 mm/min. They reported
a tensile strength of 152.3 MPa, equivalent to 63.3% of the strength of AZ31 Mg alloy.
Zhang et al. [18] investigated FSW of dissimilar Al 6061-T6 and pure copper in a lap
configuration during the underwater condition. They observed less intermetallic formation
in SFSW compared to normal FSW. The diffusion interlayer was 2 µm thick in SFSW and
18 µm in normal FSW. The copper oxidation was prevented in the SFSW condition. Lader
et al. [19] presented the viability of weldability between dissimilar brass CuZn40 (CW509L)
and AA1100-O alloy. They revealed that the defects, such as cracks, tunnels, voids, etc.,
were significantly reduced in SFSW. They reported a defect-free joint at a rotation speed
of 1400 rpm and a plunge depth of 0.2 mm. The SFSW reduced the formation of thick
IMCs due to lower peak temperatures. They also reported improved hardness and thus
improved the overall quality of the welded joint in SFSW.

SFSW was also explored to a great extent to understand the influence of process pa-
rameters such as rotation speed, welding speed, plunge depth, etc. Liu et al. [20] reported
the significance of the welding speed during SFSW of Al 2219 aluminum alloy. They varied
welding speeds from 50 to 200 mm/min. They found a narrowing of the softening region
in the TMAZ and heat-affected zone (HAZ) with an increase in the welding speed due
to a weakening of the precipitate deterioration. Zhang et al. [21] also performed a study
to illuminate the effect of rotation speed during SFSW of Al 2219-T6 alloy. They revealed
a direct relationship between the SZ’s hardness and rotation speed and attributed this
phenomenon to increased dislocation density. The fracture occurred in the SZ for joints
welded at a low rotation speed, but the fracture location shifted to TMAZ and HAZ for
joints welded at a higher rotation speed. Wakchaure and Thakur [22] developed a mathe-
matical model for underwater FSW of AA 6061-T6 using a stepped pin tool profile. They
found results of a mathematical model that were comparable with experimental results.
Khalafe et al. [23] systematically reviewed 150 research studies and highlighted FSW pa-
rameters and their influence on the quality of the FSW joints for the aluminum alloys in
similar and dissimilar material systems. Walz et al. [24] investigated the effect of the stitch
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seam length on the strength properties of intersecting friction stir welds of EN AW-6016
T4 sheets in a butt configuration. They reported an increase in tensile and fatigue strength
over the stitch seam length.

Researchers also explored the modelling of the SFSW and the optimization of the
process parameters. Zhang and Liu [25] optimized SFSW of 2219-T6 aluminum alloy using
a Box–Behnken design of experiment, considering rotation speed, tool travel speed, and
shoulder plunging depth as the process parameters and tensile strength as the response.
They found that rotation and welding speed were predominant factors affecting tensile
strength. Zhang et al. [26] conducted thermal modeling of SFSW of Al 2219-T6 alloy
using a heat transfer model. The rotating speed of the tool, travel speed, and axial force
used for modelling were 800 rpm, 100 mm/min, and 4.6 kN, respectively. The SFSW
was performed using room-temperature water. They observed that the surface heat flux
of the shoulder during the SFSW was higher than during normal FSW. They reported
experimental validation for the developed thermal model. Wakchaure and Thakur [27]
used a hybrid grey relational analysis–artificial neural network approach to optimize the
underwater FSW of AA 6061-T6. They performed thirty experiments to study outputs such
as the ultimate tensile strength (UTS), % elongation, and impact strength. They found that
the tool rotation speed has a significant effect on the weld characteristics. Menon et al. [28]
used a thermomechanical model for developing a relationship between the frictional heat
and the weld properties during the SFSW of A441 AISI steel. They reported a lower strain
rate for steel in SZ during SFSW than during normal FSW. A higher cooling rate in SFSW
resulted in finer grains in SZ. They noted that the tensile strength of the joint welded during
SFSW was 20% higher than the normal FSW joint.

The literature study revealed that SFSW is a potential variant of normal FSW to achieve
improved joint mechanical properties. The SFSW uses water as the submerging medium
because of its high thermal conductivity. The SFSW has been explored to understand the
effect of the process parameters, the joining of dissimilar materials, the thermal analysis, and
the optimization of the process. The water temperature is one of the significant parameters
impacting the joint properties. To the author’s knowledge, no research has been reported to
study the effect of water temperature on the mechanical and microstructural properties of
the Al 6061-T6 alloy joints. The present study investigated submerged FSW of Al 6061-T6
joining considering different water temperatures of 0 ◦C, 35 ◦C, and 80 ◦C. Liu et al. [29]
investigated the effect of water temperatures from 15 to 75 ◦C with a spacing of 15 ◦C. For
the present study, the authors attempted to study the impact of water temperature using a
wide range of cooling water temperatures. The 0 ◦C temperature was selected because the
freezing point of water is 0 ◦C, making it the lowest temperature at which water is available.
The room-temperature water was available at 35 ◦C. Hence 35 ◦C temperature was one of
the choices for water temperature. The maximum water temperature reported in the earlier
literature was 75 ◦C. Thus, the authors selected a maximum water temperature of 80 ◦C for
the present study. Further, the results were compared with normal FSW.

2. Materials and Methods

This study analyzed Al 6061-T6 with a thickness of 6 mm as the base material (BM).
The chemical composition of the BM is presented in Table 1. The plates of 200 mm in length
and 75 mm in width were cut using a wire cut machine. The samples were adequately
cleaned using acetone before use and further clamped in the fixture. The container was
filled with water so that the tool remained submerged in water. The experiment setup is
shown in Figure 1.

Table 1. Chemical composition and mechanical properties of Al 6061-T6.

Chemical Composition Mechanical PROPERTIES

Elements Mg Si Mn Zn Fe Cu Al UTS (MPa) YS (MPa) % Elongation

Alloying elements (%) 1.14 0.67 0.12 0.25 0.35 0.30 Rest 307 275 20
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Figure 1. (a) Experimental setup used for SFSW; (b) Conical tool used in experiments.

The experiments were performed at three different water temperatures, 0 ◦C, 35 ◦C
and 80 ◦C, and designated as cold water SFSW (WC), room water SFSW (WR), and hot
water SFSW (WH), respectively. One set of experiments was performed in normal air FSW
conditions (IA). All the experiments were conducted along the rolling direction of the plates
on a conventional milling machine. The experiments were performed with a rotation speed
of 900 rpm, 108 mm/min welding speed, and a tilt angle of 2◦. The process parameters
were selected based on the previous literature and preliminary trials. The conical-shaped
tool of H13 tool steel with an 18 mm shoulder and a 6 mm pin diameter was used for
experimental tests. The tool used for the experiments is shown in Figure 1b.

The specimens, after experiments, were cross-sectioned using a wire cut machine. Further,
the cut samples were polished. Next, Keller’s reagent (HNO3:HF:HCl:H2O = 2.5:1:1.5:95 vol.%)
was used to etch the samples for the metallographic study. The microstructure of the welds
was characterized using optical microscopy (Olympus GX51, Tokyo, Japan). The Electron
Backscatter Diffraction (EBSD) (JEOL, Tokyo, Japan; Model: 6500F) was used to measure
grain size in the stir zone of the weld joints. The microhardness measurements were
conducted using Vickers microhardness equipment (Innovatest Europe BV NEXUS 4302,
Maastricht, Netherlands). The microhardness was measured along the centerline of the
samples. The interval of 1 mm was maintained, keeping the load of 300 g for a dwell time of
10 s. The tensile test specimens were cut according to ASTM E8-E8M with a Concord WEDM
machine DK7732 (Concord Limited, Bangalore, India). The tensile test was performed on a
computer-assisted universal testing loading instrument (FSA FSA/M-100, S. M. Engineers,
Pune, Maharashtra, India) at the strain rate of 1 × 10−3 s−1 at room temperature.

3. Results and Discussion
3.1. Macrostructure Evolution of the Joints

The surface morphologies of the welds under different water temperatures are pre-
sented in Figure 2. The samples observed are free from surface abnormalities such as cracks,
grooves, open tunnels, etc. The top surfaces of all SFSW specimens are noted with rough
circular marks of the shoulder, while the IA specimen exhibited a smooth top surface. The
rough marks on the SFSW samples are caused by the faster cooling from the water, which
can restrict the flow ability of the plasticized material near the tool, resulting in a rough
surface [30].

The macrostructure of all the submerged friction-stir-welded joints and IA joints is
shown in Figure 3. The characteristic hourglass-shaped SZ was observed in the macrostruc-
ture of all the samples. All the joints were observed without any internal defects; the
microstructure comprised four zones: SZ, TMAZ, HAZ, and BM. The different zones are
shown in representative Figure 3b. The boundaries of the weld zone and BM can be clearly
distinguished in all the cross sections on the AS. The joints’ retreating side (RS), except WH,
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as can be seen, is diffused. The diffused RS is attributed to a lower strain rate due to the
opposite direction of torsion and the circumventing velocity fields on RS compared to the
advancing side (AS) [31]. However, RS of WH is sharp, as can be seen, which differs from
the earlier literature. The sharp RS can be attributed to a balanced strain rate on AS and RS
during WH joints.

Figure 2. Surface morphologies of the welded joints: (a) IA, (b) WR, (c) WC, (d) WH.

Figure 3. Weld macroscopic images of a friction-stir-welded sample: (a) IA, (b) WR, (c) WC, (d) WH.

The SFSW joints’ macrostructure is separated into shoulder-driven (SDZ) and pin-
driven (PDZ) zones. SDZ is the zone produced due to pressure and friction heat between
the shoulder and the surface of the workpiece above the weld nugget. The SDZ and PDZ
are highlighted with red and blue dotted lines, respectively, as shown in Figure 3b–d. Such
distinct separation has not been observed in IA joints. This observation can be related
to the low temperature difference between the environment and water media and the
high heat absorption capacity of the water, which caused a more substantial cooling rate
for water-submerged welded joints [32]. The difference between the environment and air
media was high in IA joints, allowing heat penetration through the thickness to a deep scale.
Hence, such separated zones were not identified in IA joints. SDZ for WC joints was found
to be 2.79 mm, the lowest among all the SFSW joints. This is due to the lowest temperature
difference. WH joint exhibited the highest SDZ of 3.30 mm among SFSW joints.

3.2. Microstructure Analysis through EBSD

Figure 4 shows the EBSD maps of grain morphologies in the SZ of the joints. The
grain evolution has been an essential issue for FSW since it significantly affects the tensile
behavior of the sample. The selected zones are highlighted with white boxes, as shown
in Figure 3.



Metals 2023, 13, 1159 6 of 12

Figure 4. EBSD orientation maps of SZ of welded samples: (a) IA, (b) WR, (c) WC, (d) WH.

The equiaxed recrystallized grains can be seen in all the SZs. This can be attributed to
the severe stirring of the material in SZ, producing several dislocations. Due to the high
dislocation density and the stress imbalance in the SZ, the grain boundaries experience
movement. This movement is driven by the energy minimization process and the redis-
tribution of stresses within the material. The migration of grain boundaries results in the
formation of protrusions or bulges along the boundaries. These protrusions or bulges act as
nucleation sites for new grains. When the protrusions are cut and deformed, they provide
favorable conditions for the initiation of equiaxed grains in SZ.

Different grain orientations are due to varying flows of plasticized material in the SZ.
It is believed in FSW that the material in SZ undergoes various forms of plastic deformation
and microstructural changes during the welding process due to the discontinuous and
continuous dynamic recrystallization, the dynamic recovery, and the growth of grains [33].
Discontinuous dynamic recrystallization involves the nucleation and growth of new grains,
often accompanied by the consumption of existing grains. Continuous dynamic recrys-
tallization, on the other hand, occurs through the migration and formation of new grains
along the boundaries of existing grains. Dynamic recovery is a process that occurs concur-
rently with dynamic recrystallization. It involves the reduction of dislocation density and
the rearrangement of dislocations within the material. Dynamic recovery helps to relieve
some of the deformation-induced stresses and contributes to the development of a more
stable microstructure.

The orientation maps revealed that the IA samples exhibited the average highest grain
size (8.1 µm) among all the samples, while the WC sample exhibited the smallest grain
size (2.43 µm). This is because the grain size in the stir zone depends on the dominance
between the strain rate and the heat input [5]. In the WC sample, the heat input was
substantially lower, dominating the strain rate impeding the grain growth and resulting in
the fine-grained SZ in the WC sample. Moreover, the smallest grains in the WC samples can
be attributed to the rate of cooling. The cooling rate influences the nucleation and growth of
different phases or the formation of microstructural features. Slower cooling rates generally
allow more time for atoms to rearrange and form larger grains, while faster cooling rates
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promotes the formation of finer grains. The WR samples exhibited an average grain size of
3.21 µm. The lower heat input and the less complex flow of the plasticized metal in the WR
and WC sample SZ indicated smaller grains [34]. The WH samples exhibited an average
grain size of 6.1 µm.

3.3. Microhardness Distributions of the Joints

The microhardness distribution is measured in the transverse cross-section of the joints
and is plotted as shown in Figure 5. The microhardness of the base material is 107 HV. A
characteristic “W” shaped hardness profile was obtained for all the samples. This profile
is generally reported for precipitation-hardened aluminum alloys [7]. The microhardness
in AS is less than that in RS for all the samples due to the high heat input resulting from
a high strain rate on AS compared to RS. The maximum hardness was located at SZ for
all the samples. The SZ exhibits fine grains and precipitates due to the stirring process
of the tool. These fine grains consist of innumerable grain boundaries that obstruct the
dislocation movement during loading, resulting in higher SZ microhardness. Among all
the samples, the highest hardness of 95 HV was recorded in the SZ of the WH condition,
which can be attributed to the improved thermal cycle in the WH condition exhibiting both
preheating and slow cooling processes. The lowest hardness of 62 HV was recorded in the
SZ of the IA condition. A noticeable reduction in microhardness was also observed at the
interface of TMAZ and HAZ compared to SZ. A softening region with the lowest hardness
value was observed at the TMAZ region for SFSW samples.

Figure 5. Microhardness profile of the welded joint.

Contrary to this, TMAZ exhibited higher hardness than HAZ for IA specimens. The
observed higher hardness in TMAZ of the IA sample may be due to the abundant dis-
solved precipitates in TMAZ. These dissolved precipitates may have increased the solute
atoms’ concentration which is responsible for precipitation hardening and solid solution
strengthening during natural aging. This phenomenon resulted in TMAZ exhibiting a
greater hardness than the hardness in HAZ [20].

3.4. Tensile Properties of Joints

Figure 6 shows the stress-strain curves for the IA, WH, WR, and WH joints. All the
friction-stir-welded joints exhibit decreased strength and ductility. A positive trend can
be seen between the strength and % elongation of all the SFSW joints and the increasing
water temperature. By comparing variations in the tensile strength and % elongation
of the submerged welded joints (Figure 7) with ambient-condition-welded joints, it can
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be summarized that regulating weld temperature distribution increases the weld joint’s
strength. The WH samples represented the highest tensile strength of 248.7 MPa, yield
strength of 236 MPa, and % elongation of 15% among all the samples.

Figure 6. Stress-strain curves for the IA, WR, WC, and WH joints.

Figure 7. Ultimate tensile strength and % elongation of welded joints.

The highest tensile strength of the WH sample may be due to the presence of strength-
ening precipitates in hot-water-welded specimens. Fu et al. [32] observed the strengthening
precipitates in the nugget zone of hot-water-welded specimens. The age-hardened, heat-
treatable aluminum alloys achieve a high strength through the combined strengthening
mechanisms of solid solution hardening, grain size control, strain hardening, and precip-
itation hardening [35]. Though the grain size of the WH specimens is reasonably more
than the WC and WR samples, other strengthening mechanisms could have assisted the
WH sample in improving its strength. Similar results are reported by Liang et al. [36].
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The highest tensile strength of the WH sample also may have attributed to a reduced
cooling rate. The welding at higher water temperatures slows down the cooling rate of
the weld zone. Slower cooling allows for a more gradual solidification of the material,
which help to reduce the formation of undesirable microstructures, such as brittle phases
or excessive grain growth, resulting in a higher-strength joint. It can also be due to the
improved material flow in WH samples. A higher water temperature softens the material
near the weld zone more effectively. This enhanced plasticity facilitates better material flow
and mixing during the stirring process. An improved material flow helps in achieving a
more homogeneous microstructure and improves joint strength. An improved strength
at a higher water temperature has also been reported by Fu et al. [32]. They reported an
improvement of tensile strength of 92% of the base metal in hot water (57 ◦C) compared
with the cold water and air-welded samples of the heat-treatable AA 7050. Among all, WH
exhibited the highest ductility of 14.84%. When the water is heated, it causes the metal to
soften and become more ductile. However, overcooled water joints exhibited the lowest
% elongation of 11.56%. This can be attributed to the weld joint hardening due to a lower
formation temperature in the weld zone.

All the SFSW samples exhibited higher joint efficiency (JE) than the IA sample. The
highest joint efficiency (JE) of 82.1% was found with the WH sample, 10.5% higher than the
sample welded with conventional friction stir welding.

3.5. Fractography

The fracture surfaces of the welded joints were examined to determine the underlying
mechanisms that led to the failure of the joint. The analysis of the fracture surfaces can
provide essential insights into the quality and performance of the welded joint. The lowest
hardness region in the sample is mainly susceptible to the fracture location of the FSW joints.

The location of the LHZ in SFSW joints is at the interface of SZ/TMAZ (Figure 5). This
interface is highly significant for the initiation of crack and facture of the sample because it
is a complex transition region between the zone of dissolution and the zone of overaging.
Moreover, this interface transitions between the fine and elongated grains in SZ and TMAZ,
respectively. This transition is not smooth in the joints. An abrupt transition between grain
microstructures leads to the sample’s fracture location. For the IA joints, the LHZs were
in the HAZ mainly due to a slower cooling rate from the air. UFSW involves a complex
interplay of forces, temperatures, and pressures. The SEM images of a fractured surface of
IA and SFSW samples are shown in Figure 8. The ductile fracture mode can resemble the
large dimples, whereas a dimple-free fractured surface indicates a cleavage fracture mode.
The SEM of the fractured surface of IA was associated with a more significant number of
deep dimples indicating ductile fracture. The larger dimple size in IA highlights a more
significant deformation during tensile loading. The SEM images of all SFSW samples
represent a combination of a few dimples and dimple-free facets, indicating a mixed failure
mode involving cleavage mode of ductile and brittle fractures. The population of dimples
and their depth determines the amount of plastic deformation material underwent before
the ductile mode of failure. The WH highlights a more dimpled structure among all SFSW
samples. A ductile fracture can occur if the water temperature is too high. The higher
temperature of the water can lead to more a significant deformation of the metal during the
welding process, which can ultimately result in a ductile fracture with high ductility. The
SEM morphology of WC shows shallow dimples among all SFSW, indicating less plastic
deformation and less ductility.

Cooled water in WC may have caused a rapid cooling of the metal, resulting in
thermal stresses that further increase the chances of fracture before substantial elonga-
tion. The dimples in the WR specimen with a trans-granular cleavage facet reduced the
elongation percentage. The unique river-line pattern joined by shear edges on the trans-
granular cleavage facet demonstrates the propagation of the crack. The trans-granular
cleavage facet’s presence suggests early crack initiation and consequent sample failure with
reduced elongation.
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Figure 8. SEM morphologies of tensile fracture surfaces of (a) IA, (b) WR, (c) WC, (d) WH.

4. Conclusions

This study investigates the microstructure and mechanical characteristics of a friction-
stir-welded, 6 mm thick, Al 6061-T6 aluminum alloy using various water temperatures,
0 ◦C (WC), 35 ◦C (WR), and 80 ◦C (WH), and the results are compared with conventional
FSW (IA). Based on the results of this study, the following conclusions were drawn:

1. The microhardness distribution of as-welded joints showed a typical “W” shape
characteristics under all welding conditions. The highest value of the hardness was
95 HV0.1 at the 80 ◦C water temperature. The lowest hardness, 62 HV0.1, occurs at the
HAZ of the advancing side for IA joints.

2. A fine and balanced microstructure can be found in SZ. The grain size of samples IA,
WC, WR, and WH in the SZ is 8.1 µm, 2.43 µm, 3.21 µm, and 6.1 µm, respectively. It
was observed that joints welded in a WC condition restricted the grain growth during
FSW and showed the smallest grain size. The nugget zones’ grains are smaller in all
water cooling media conditions compared to air condition.

3. With the increase of the cooling water temperature, the strength of the welded joint
marginally increases. Among the all-weld joints, WH weld joints showed the best
mechanical characteristics with an ultimate tensile strength of 82.1% and an elongation
of 14%.

4. The ductile mode of fracture was observed in IA weld joints. All SFSW joints indicated
a mixed failure mode involving a cleavage mode of ductile and brittle fractures.
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Nomenclature

AS Advancing side
BM Base material
FSW Friction stir welding
HAZ Heat affected zone
IA Normal air FSW
IMCs Intermetallic compounds
PDZ Pin-driven zone
RS Retreating side
SDZ Shoulder-driven zone
SFSW Submerged friction stir welding
SZ Stir zone
TMAZ Thermomechanically affected zone
UTS Ultimate tensile strength
WC Cold water SFSW at 0 ◦C
WH Hot water SFSW at 80 ◦C
WR Room water SFSW at 35 ◦C
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