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Abstract: The possibility of underwater dissimilar friction stir welding of AA6061 and AA7075
aluminum alloy was explored to overcome the problem of hardness loss in different microstructural
zones. Optical microscopy and electron backscattered diffraction were employed to characterize the
microstructure of the joint. Vickers hardness measurements were conducted on the cross-section
of the joint to evaluate the mechanical strengths. The results showed that the microstructure of
the AA7075 side had undergone the same mechanisms as those occurring during conventional
friction stir welding. In the case of the AA6061 side, in addition to typical restoration mechanisms,
the grain subdivision was observed. The AA7075 side had finer grains compared to the AA6061
side, which may be related to the different morphology and size of precipitates. Moreover, friction
stir welding caused a reduction in the hardness values in all the microstructural areas compared
to those of corresponding base materials. For example, it caused a reduction in the hardness of a
thermomechanically affected zone from 105 HV to 93 HV in the AA6061 side, and from 187 HV
to 172 HV in the AA7075 side. The underwater media improved the overall hardness values in
thermo-mechanically affected zones (13% reduction in hardness) compared to those reported in
literature (57% reduction in hardness).

Keywords: friction stir welding; underwater welding; microstructure; aluminum alloys

1. Introduction

Friction stir welding (FSW) is a suitable solid-state process to join dissimilar metals
and alloys. The microstructures of dissimilar materials subjected to FSW usually consist of
five distinct zones, namely an onion structure-like stirred zone (SZ), thermo-mechanically
affected zone (TMAZ), and heat-affected zone (HAZ), as well as base metals (BMs) [1,2].
However, the microstructures of the dissimilar FSWed joints are composed of complicated
microstructural regions, driven by complex material movement. As the material flow plays
a major role in the dissimilar material welding, the microstructural evolution strongly de-
pends on the welding process variables. The microstructure evolving in the SZ of dissimilar
welds may vary from lamellar structure to complex intercalated lamellar structure [3–5]. If
the weld parameters are inappropriate, then the intermixing of the materials does not take
place sufficiently. On the other hand, the appropriate selection of all process parameters
results in excellent material mixing on both sides (advancing side (AS) and the retreating
side (RS)) of the joint and produces a sound weld with a symmetric weld zone. It is worth
noting that selecting the right welding parameters such as tool geometry [6] and welding
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media [7] plays a main role in determining the optimum final mechanical properties of the
FSWed joints of metals and alloys.

To improve the overall performance of the FSWed joints, the microstructural evolution
during the process must be well assessed [2,8]. Therefore, the microstructural characteristics
of dissimilar FSWed Al alloys have recently attracted great research attention [9–16]. Raturi
et al. [9] studied the effect of secondary heating on material behavior during FSW of
AA6061 and AA7075 dissimilar aluminum alloys, in which the hardness of the joints
decreased along the weld cross-section when the additional heat was employed. Zhang
et al. [10] analyzed the grain structure and texture evolution of dissimilar AA2024 and
AA7075 FSWed joints. They reported that the mean grain size and recrystallization amount
were reduced at higher traverse speeds. In another study, Raturi et al. [11] explored the
mechanical and corrosion properties of dissimilar FSWed AA7075 and AA2014 joints. They
revealed that the traverse speed and tool pin profile had a significant influence on tensile
strength, whereas the tool pin had the maximum effect on strength. Niu et al. [12] studied
the cyclic deformation properties of FSWed AA2024 and AA7075 aluminum alloy joints.
They disclosed that after the cyclic deformation of 500 cycles at a total strain amplitude
of 0.5%, the strength of the dissimilar joints resumed mainly to that of AA2024 alloy.
Zhang et al. [13,14] demonstrated that the low corrosion resistance was presented in the
thermo-mechanically affected zones compared to the base materials in AA2024 and AA7075
joint produced by FSW. They have also mentioned that the joining direction [15] and tool
rotational speed [16] could considerably affect the mechanical and corrosion behavior of
FSWed AA2024 and AA7075 joints.

From the viewpoint of microstructural evolution, such as the FSW joints of similar
alloys, the SZ in dissimilar cases undergoes extensive grain refinement, producing fine
grain microstructures, while the TMAZ is usually composed of a large and elongated
grain structure [17,18]. The final grain size of the SZ depends on the initial grain size of
the base metals and the welding variables. Grain refinement in SZ of the FSWed joints is
primarily driven by shear deformation process and dynamic recrystallization [17,18]. For
instance, according to Srinivasan et al. [19], a very fine and recrystallized grain structure
was developed in the SZ of FSWed dissimilar AA6056-AA7075 joints. Despite the extensive
grain refinement, a grain size variation across the SZ was also observed, which could
be attributed to the initial grain sizes of the respective base materials. Recently, Niu
et al. [20] observed highly inhomogeneous microstructures evolved across the FSWed
AA5083-AA2024 joint. They conducted a comprehensive electron backscattered diffraction
(EBSD) investigation across the joint cross-section and realized the tilted and elongated
grains in the TMAZ and fine grains in the SZ.

In addition to low heat input welding processes such as laser beam welding (LBW) [21],
the applied cooling media (e.g., underwater condition) can improve the mechanical prop-
erties of FSWed joints by optimizing the weld microstructure [22–24]. The underwater
condition compared to other types of welding methods can also result in improved mi-
crostructure and mechanical properties [25–28], which confirms the advantages of sub-
merged processes. Although some research works on dissimilar FSW joint of Al alloys
such as AA2024-7075 [29], AA6061-7075 [5], AA6082-2024 [30], AA7075-5083 [31], and
AA5086-6061 [32] can be found in literature, investigations on microstructural evolution of
the underwater FSWed joints of 6xxx and 7xxx Al alloys are very limited [33]. In this study,
the microstructural characteristics and hardness evolution of different zones in underwater
dissimilar FSWed AA6061-AA7075 joints were investigated.

2. Materials and Methods

AA6061-T6 and AA7075-T6 Al plates with a length of 10 cm, a width of 5 cm, and
a thickness of 5 mm were underwater FSWed. The employed water media was at room
temperature. The chemical composition and hardness of base materials are summarized
in Table 1. A hot work H13 tool composed of a shoulder with a diameter of 15 mm
and a pin with a height of 4.6 mm and a diameter of 5 mm was employed for FSW at a
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traverse speed of 100 mm/min, a rotational speed of 400 mm/min, and a plunge depth
of 0.1 mm to produce one dissimilar joint. The samples for microstructure observation
were cut from the joint cross-section perpendicular to the FSW direction at the middle of
the produced joint (with a 5 cm distance from the joint’s beginning point). After being
subjected to the standard grinding and polishing procedure, the samples were etched in
Barker’s reagent (5 mL HBF4 48% in 200 mL H2O), then anodized at 40 V for 90 s. The
microstructural characteristics were subsequently examined using polarized light optical
microscopy (OM). Electron backscattering diffraction (EBSD) analysis was carried out in a
scanning electron microscope (SEM, JEOL JSM-6480LV, JEOL Ltd., Tokyo, Japan) with a
step size of 0.5 µm, and the corresponding data were processed using Channel 5 analysis
software. The grain and subgrain boundaries were identified based on the misorientation
angles, as the low-angle boundaries (LABs: 2–5◦, marked by white line), medium-angle
boundaries (MABs: 5–15◦, blue line) and high-angle boundaries (HABs: >15◦, black line).
The Vickers microhardness (HV) test was conducted by a NG-1000 CCD machine (NextGen
Material Testing, Inc., Vancouver, BC, Canada) on the joint cross-section with a constant
force (load) of 25 g and a dwell time of 20 s.

Table 1. Chemical composition and hardness of base materials used in this study.

Alloy Chemical Composition (wt. %) Hardness (Hv)

AA6061
Mg Si Fe Cu Cr Zn Ti Mn Al

105
1.01 0.62 0.35 0.24 0.17 0.12 0.12 0.07 Bal.

AA7075
Mg Si Fe Cu Sn Zn Ni Mn Al

187
2.50 0.40 0.50 1.60 0.20 5.60 0.03 0.30 Bal.

3. Results

The inverse pole figure (IPF) maps of the base materials (BMs) are shown in Figure 1.
Both of the BMs were in T6 condition and contained elongated grains originating from the
preceding rolling process. The cross-sectional macrostructure of the joint is presented in
Figure 2a. Similar to the other dissimilar FSWed Al alloys [1,34], the macrostructure was
composed of the BMs (AA6061 and AA7075), heat affected zones (HAZs), TMAZs, and SZ.
For the sake of brevity, this study focused specifically on TMAZs and interfacial areas in
SZ to elaborate on the main microstructural mechanisms of grain structure evolution.
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line. The white arrow refers to a void formed in the cross-section of the joint.

The OM images of TMAZs and interfacial areas are shown in Figure 2b–d. The grains
in TMAZ of the AA6061 side, which are elongated to some extent, are shown in Figure 2b.
Some microscopic parallel lines, indicated by the black arrows and enlarged in the inset of
Figure 2b, are observed in the grain interiors. They can be the sign of grain subdivision. To
the best of our knowledge, this type of microstructure in TMAZ of AA6061 has never been
reported previously; thus, it has been discussed in more detail using IPF maps. On the
other hand, the TMAZ of the AA7075 side (Figure 2c) exhibited a typical microstructure
containing elongated grains similar to those reported in literature [35]. Moreover, from
OM image of the interfacial zone in SZ (Figure 2d), the SZ contained fine grains due to the
occurrence of dynamic recrystallization (DRX). As he grain sizes of this region could not be
well-identified by OM, the IPF map of this area was also analyzed and discussed in more
detail in the following section.

The IPF and grain boundary maps of TMAZ and the transition zone (to SZ) in the
AA6061 side are shown in Figure 3a,b. Figure 4 illustrates the IPF map of the interfacial
area in the SZ, which indicates two different grain sizes in a dissimilar joint of Al alloys
under the same deformation condition. The hardness profile along with the corresponding
indentation plan in the middle line on the cross-section of the joint are presented in Figure 5.
Furthermore, to characterize the variation of the hardness values across the joint and to
correlate with the corresponding microstructures, some OM images were taken from
specific locations (identified by a–f in the hardness profile), which are shown in Figure 6.



Metals 2021, 11, 1592 5 of 10
Metals 2021, 11, x FOR PEER REVIEW 5 of 10 
 

 

 

Figure 3. IPF maps of different areas in TMAZ of AA6061: (a) rectangle 1 in Figure 2a, and (b) rectangle 2 in Figure 2a. 

Black and white arrows refer to CDRX and GDRX mechanisms, respectively. The white circle indicates a grain in which 

the subdivision mechanism has occurred. 

 

Figure 4. The IPF map of interfacial area in SZ indicated by the white rectangle 3 in Figure 2a. The interface between 

AA6061 and AA7075 alloys are drawn by a dashed line. 

Figure 3. IPF maps of different areas in TMAZ of AA6061: (a) rectangle 1 in Figure 2a, and (b) rectangle 2 in Figure 2a.
Black and white arrows refer to CDRX and GDRX mechanisms, respectively. The white circle indicates a grain in which the
subdivision mechanism has occurred.

Metals 2021, 11, x FOR PEER REVIEW 5 of 10 
 

 

 

Figure 3. IPF maps of different areas in TMAZ of AA6061: (a) rectangle 1 in Figure 2a, and (b) rectangle 2 in Figure 2a. 

Black and white arrows refer to CDRX and GDRX mechanisms, respectively. The white circle indicates a grain in which 

the subdivision mechanism has occurred. 

 

Figure 4. The IPF map of interfacial area in SZ indicated by the white rectangle 3 in Figure 2a. The interface between 

AA6061 and AA7075 alloys are drawn by a dashed line. 
Figure 4. The IPF map of interfacial area in SZ indicated by the white rectangle 3 in Figure 2a. The interface between
AA6061 and AA7075 alloys are drawn by a dashed line.



Metals 2021, 11, 1592 6 of 10
Metals 2021, 11, x FOR PEER REVIEW 6 of 10 
 

 

 

Figure 5. Hardness profile along the line indicated by white line in Figure 2a. (a–f) refer to area that their corresponding 

microstructures are illustrated in Figure 6. The different microstructural zones are also divided in the AA6061 side by 

black vertical lines. 

 

Figure 6. OM images of the areas (a-f) indicated on the hardness profile (Figure 5). c belongs to the AA6061 side in SZ. . 

4. Discussion 

Different microstructural mechanisms during the FSW process, which are involved 

in the grain structure evolution, are mainly driven by both the process heat input and the 

applied deformation. Dynamic recovery (DRV) occurs during the hot deformation of ma-

terials with high stacking fault energies (SFEs) in which restoration mechanisms such as 

the formation of LABs happen to generate new subgrains inside the deformed old grains. 

As it can be observed in Figure 3a,b, a large number of LABs and MABs were formed in 

the TMAZ/transition-zone of AA6061 alloy, which implies the occurrence of DRV. The 

black arrows in Figure 3a,b indicate the zones in which the transition of LABs→MABs→

HABs takes place. This type of transition is the sign of continuous DRX (CDRX) after DRV 

[34]. By further straining after the DRV initiation, mobile dislocations move towards the 

LABs; intersecting LABs by the dislocations enhances misorientation angle. This process 

changes LABs to MABs, which are subsequently followed by transforming MABs to HABs 

Figure 5. Hardness profile along the line indicated by white line in Figure 2a. (a–f) refer to area that
their corresponding microstructures are illustrated in Figure 6. The different microstructural zones
are also divided in the AA6061 side by black vertical lines.

Metals 2021, 11, x FOR PEER REVIEW 6 of 10 
 

 

 

Figure 5. Hardness profile along the line indicated by white line in Figure 2a. (a–f) refer to area that their corresponding 

microstructures are illustrated in Figure 6. The different microstructural zones are also divided in the AA6061 side by 

black vertical lines. 

 

Figure 6. OM images of the areas (a-f) indicated on the hardness profile (Figure 5). c belongs to the AA6061 side in SZ. . 

4. Discussion 

Different microstructural mechanisms during the FSW process, which are involved 

in the grain structure evolution, are mainly driven by both the process heat input and the 

applied deformation. Dynamic recovery (DRV) occurs during the hot deformation of ma-

terials with high stacking fault energies (SFEs) in which restoration mechanisms such as 

the formation of LABs happen to generate new subgrains inside the deformed old grains. 

As it can be observed in Figure 3a,b, a large number of LABs and MABs were formed in 

the TMAZ/transition-zone of AA6061 alloy, which implies the occurrence of DRV. The 

black arrows in Figure 3a,b indicate the zones in which the transition of LABs→MABs→

HABs takes place. This type of transition is the sign of continuous DRX (CDRX) after DRV 

[34]. By further straining after the DRV initiation, mobile dislocations move towards the 

LABs; intersecting LABs by the dislocations enhances misorientation angle. This process 

changes LABs to MABs, which are subsequently followed by transforming MABs to HABs 

Figure 6. OM images of the areas (a–f) indicated on the hardness profile (Figure 5). c belongs to the AA6061 side in SZ.

4. Discussion

Different microstructural mechanisms during the FSW process, which are involved
in the grain structure evolution, are mainly driven by both the process heat input and
the applied deformation. Dynamic recovery (DRV) occurs during the hot deformation of
materials with high stacking fault energies (SFEs) in which restoration mechanisms such as
the formation of LABs happen to generate new subgrains inside the deformed old grains.
As it can be observed in Figure 3a,b, a large number of LABs and MABs were formed in the
TMAZ/transition-zone of AA6061 alloy, which implies the occurrence of DRV. The black
arrows in Figure 3a,b indicate the zones in which the transition of LABs→MABs→HABs
takes place. This type of transition is the sign of continuous DRX (CDRX) after DRV [34].
By further straining after the DRV initiation, mobile dislocations move towards the LABs;
intersecting LABs by the dislocations enhances misorientation angle. This process changes
LABs to MABs, which are subsequently followed by transforming MABs to HABs in a
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similar manner. Finally, equiaxed grains surrounded by HABs appear in the microstructure
as can be seen in the upper-right corner of Figure 3b. Thus, one of the dominating mecha-
nisms in this study was CDRX. Moreover, very close to SZ in TMAZ, some grains were
elongated to very narrow thicknesses almost equal to the diameter of DRXed grains in
SZ, which is the sign of geometrically DRX (GDRX) grains and are indicated by the white
arrows in Figure 3. The occurrence of GDRX requires a very high level of strain that is
available near the SZ.

The grain subdivisions, observed in TMAZ of AA6061 and indicated by the black
arrows in Figure 2b, are most likely the traces of slip bands inside individual grains. The
comparison between Figures 2b and 3b indicates that these subdivision mechanisms do
not change the crystallographic orientation of grains in TMAZ far from the SZ since they
have not been observed in IPF maps. However, at the areas near to SZ, where the amount
of strain is more than areas far from SZ (indicated by white circle in Figure 3b), they appear
in IPF maps. It indicates that by increasing the amount of strain, the required strain for the
onset of grain subdivision mechanism has been provided, then it changes the orientation
of the divided parts of an individual grain, and hence the new grains can be generated.
It is notable grain subdivision mechanism is frequently reported to happen during the
deformation of cubic metals with high stacking fault energies [36,37].

Another point of interest, which is shown in Figure 4, is the formation of different
grain sizes of AA6061 and AA7075 in SZ, where the AA7075 had finer grain sizes relative
to AA6061. The formation of different grain sizes at the same deformation condition, i.e.,
at the SZ, can be due to the presence of precipitates with different compositions, sizes,
and morphologies in the microstructure of AA6061 and AA7075 alloys. It seems that the
presence of more alloying elements in the chemical composition of AA7075, relative to
AA6061, causes the formation of more precipitates which consequently affect the restoration
mechanisms during FSW. The possible mechanisms that can be affected by precipitates are
particle stimulated nucleation (PSN) and the Zener pinning effect. The larger precipitates
(usually larger than 1 µm) act as the nucleation sites for DRX by PSN mechanisms, whereas
the finer precipitates pin the grain boundaries during grain growth step after DRX (the
Zener pinning effect), and hence they lead to the formation of finer grain sizes [34,38].
The formation of different grain sizes in SZ is also reported by other investigators [5,33];
however, the real origin of this behavior has not been disclosed yet, and it is within the
scope of the future research plan of the authors.

Correlation between the hardness values (Figure 5) with the corresponding microstruc-
tures (Figure 6) reveals some interesting points. AA7075 (point f in Figures 5 and 6) and
AA6061 (point a in Figures 5 and 6) BMs had different hardness values. The higher hard-
ness values of AA7075 were the reason for placing it at the AS of the joint during FSW.
Thus, the other parameters such as rotational speed, traverse speed, tool plunge depth,
tool offset, etc., should be optimized to obtain a defect-free joint, which was not the aim of
this study. The void type defect formed in the cross-section of the joint has been indicated
by a white arrow in Figure 2a. The other point is the same trend of the hardness profile
on both the AS and RS. For example, the TMAZs (points b and d in Figures 5 and 6) had
lower hardness compared to the BMs, which can be due to partial DRX in these areas and
coarsening of precipitates [13,14]. In addition, the hardness profile in Figure 5 confirms
the existence of interfacial area between the AA6061 and AA7075 sides in SZ (Figure 4).
The higher hardness values of the AA7075 side in SZ can be due to finer grain sizes and
more precipitates compared to those in the AA6061 side. It seems that FSW has not caused
the complete intermixing of both dissimilar sides in SZ, but it resulted in a joint by mixing
them in the interfacial zone.

It is worth noting that the loss in hardness values in the microstructural zones of
the FSWed joints, such as TMAZ and HAZ, is a problematic issue [34], which changes
these areas to the weakest points of the joints. From Figure 5, the drop in hardness values
from BMs to TMAZs (from 105 HV to 93 HV in the AA6061 side, and from 187 HV
to 172 HV in the AA7075 side) is not problematic compared to those reported during
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conventional FSW [5,34]. For instance, a drop in hardness value from about 110 HV
(AA6061 BM) to 70 HV (AA6061 TMAZ) i.e., a reduction of about 57% has been reported
during dissimilar FSW of AA60601-7075 alloys [5]. However, in this study, this reduction
in hardness value is approximately about 13 % (from 105 HV to 93 HV). This improvement
in the hardness of TMAZ can be related to the lower heat input generated during an
underwater FSW process; a lower process heat input can result in different metallurgical
phenomena, such as preventing the growth and dissolution of precipitates, inhibiting the
grain growth, and recovery of dislocations [25–33]. On the other hand, HAZ (point e in
Figures 5 and 6) had the lowest hardness values on both sides, which can be due to the
dissolution or coarsening of precipitates and/or grain growth. Moreover, the hardness
value in the SZ is lower than that of the TMAZs, which is due to complete DRX (point c in
Figures 5 and 6). Therefore, it can be concluded that using underwater media can overcome
the problem of hardness loss in TMAZ of the precipitation hardening Al alloy joint, which
can be employed instead of the costly and time-consuming treatments such as post-heat
treatments [4] and cyclic deformation [12].

5. Conclusions

The microstructural evolution during underwater dissimilar FSW of AA6061 and
AA7075 Al alloys was investigated, and the main conclusions are drawn as follows.

(1) The microstructural mechanisms during grain structure formation in the AA7075
side were the same as those occurring during conventional FSW of AA7075 plates. However,
in the case of the AA6061 side, in addition to DRV, CDRX and GDRX, other restoration
mechanisms such as grain subdivision were observed, which had not been reported in
previous studies.

(2) The AA7075 consisted of finer grains compared to AA6061 in SZ, which can be
related to the difference in their metallurgical characteristics (e.g., morphology and size of
precipitates).

(3) There was a variation in the hardness profile across the joint. The HV values,
which were the highest in BMs, were reduced in the TMAZs relative to BMs. FSW caused
a reduction in hardness of TMAZ from 105 HV to 93 HV in the AA6061 side, and from
187 HV to 172 HV in the AA7075 side. The submerged FSW enhanced the hardness values
in TMAZs (13% reduction in hardness) compared to those reported in literature (57%
reduction in hardness). The HAZs presented the lowest HV values across the joint.

(4) The outcome of this study can be used to understandthe fundamentals of grain
structure evolution during underwater submerged dissimilar FSW of Al alloys.
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Nomenclature

FSW Friction Stir Welding
SZ Stirred Zone
TMAZ Thermo-Mechanically Affected Zone
HAZ Heat-Affected Zone
BMs Base Metals
AS Advancing Side
RS Retreating Side
EBSD Electron Backscattered Diffraction
LBW Laser Beam Welding
OM Optical Microcopy
SEM Scanning Electron Microscope
LABs Low-Angle Boundaries
MABs Medium-Angle Boundaries
HABs High-Angle Boundaries
HV Vickers Microhardness
IPF Inverse Pole Figure
DRV Dynamic Recovery
SFEs Stacking Fault Energies
DRX Dynamic Recrystallization
CDRX Continuous Dynamic Recrystallization
GDRX Geometrically Dynamic Recrystallization
PSN Particle Stimulated Nucleation
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