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ARTICLE INFO ABSTRACT

Keywords: This study investigates the influence of square and hexagon tool pin profiles on the butt joint of
Friction stir welding AA7075-T6 plates through friction stir welding. In contrast to the AA7075-T6 base metal with a
Flat tool pin grain size of 32.736 pm, both square (4.43 ym) and hexagon (5.79 pm) pin profiles led to a

Elastic modulus significant reduction in grain size within the stir zone (SZ) of the weld cross-section. The SZ

Microstructural X - 5 . o - | >
Texture analysis region exhibited a gradient in recrystallization and a notable fraction of high angle grain
Microhardness boundaries, attributed to continuous dynamic recrystallization influenced by variations in tem-

perature and strain rate. Pole figure analysis revealed predominant shear texture elements (B/ B
and C) with minor A;*/Ay* and A/ A, indicating elevated strains within the SZ. Orientation
distribution function (ODF) analysis identified recrystallization texture elements such as Goss
{110} <001>, cube {001} <101>, and P {011} <112>, along with shear texture components F
{111} <112> and rotating cube (H) {001} <110>. Tensile and nanoindentation analyses
demonstrated that the weld joint using a square-shaped pin profile exhibited higher strength,
elongation, and elastic modulus compared to other weld joints. These findings suggest that the
square tool pin geometry enhances material flow and grain refinement during welding, thereby
improving the mechanical properties of the joint.

1. Introduction

The application of light materials to replace traditional heavy-weight materials to lower the fuel consumption capacity of vehicles
and many other application fields, is the main emphasis of today’s research. Aluminium materials come to mind immediately when
considering uses for weight reduction application. Aluminium is, however, challenging to weld using traditional joining techniques
(fusion welding) [1-3]. When welding aluminium alloys (AA) employing fusion process, various researchers discovered flaws as
porosity, slag inclusion, excessive residual stress, voids, and solidification cracks [1-3]. Owing to the difficulties encountered in
achieving fusion welds with elevated strength and robust resistance to fatigue and corrosion in the 7000 series of aluminium alloys,
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commonly employed in the aerospace, defense, automobile, railway, construction, and shipbuilding sectors [1,4-6], the application of
fusion welding has been limited within advanced industries. These alloys are typically thought to be challenging to weld. The study of
welding techniques for these alloys is crucial due to their widespread use in a variety of industries. Weight reduction is an important
design factor in the aircraft industry, and aluminium, with its lower density than steel alloys, is a key element in this area [7,8]. Hence,
to address the challenge of joining AA materials, friction stir welding (FSW) serves as a solid-state joining technique [9,10]. This
joining technique finds its primary application in industries such as aerospace, defense, and automotive. This process was first invented
in December 1991 when Wayne Thomas and his colleagues at The Welding Institute (TWI) in Cambridge, UK, developed the FSW
method for joining aluminium alloys [8,11,12]. This FSW method has minimized the defects occurred by the conventional fusion
welding of aluminium alloys and improved the joint quality and weld strength. Also, joining in this method is eco-friendly, safe, and
non-hazardous, like TIG, MIG, and GTAW fusion welding methods [13,14].

Additionally, the FSW process is also applied to join various other materials, such as copper [15], magnesium [16], as well as
high-strength materials like steel, Inconel, nickel, and titanium, among others [17-21]. More recently, the FSW process has been
utilized for the fabrication of composite materials through the incorporation of reinforcing particles into an aluminium matrix
(Al-matrix) [22,23]. This reinforcement has not only enhanced joint strength and hardness for diverse industrial applications but has
also contributed to a reduction in the overall weight of the final composite product [8]. Additionally, the efficient joining of various
aluminium alloys is currently accomplished using the friction stir additive manufacturing (FSAM) technique, an advanced solid-state
additive manufacturing (AM) approach [24]. The process of joining aluminium alloys in FSAM is similar to the FSW process. By
utilizing FSAM methods, successful joints were produced through systematic layering of multi-layered structures on top of each other
[24].

Moreover, currently the conventional friction stir welding is used in advance version of welding technique such as friction stir
vibration welding (FSVW) for homogenous mixing of reinforcement particle into the aluminium matrix during welding [25,26].
During the FSVW process, the workpieces of aluminium alloy are is vibrated perpendicular to the weld line, and simultaneously,
reinforcement particles are integrated into the weld. This vibration results in a reduction of grain size in the weld region and enhances
the uniform distribution of particles.

Nonetheless, despite the promising advantages offered by the FSW joining method, the design of FSW tools has continuously
evolved to address the increasing demands and complexities associated with producing industry-compliant components, encom-
passing strict control over physical, mechanical, and dimensional attributes [27-29]. While intricate tool geometries have been
suggested based on experimental trials [29-31], straightforward (simple) tool designs have been favoured due to their
cost-effectiveness and ease of utilization. Several researchers have proposed tool geometries with intricate features, but selecting the
appropriate FSW tool material and shape is a critical pre-experiment consideration, as these factors significantly influence weld quality
[27,29]. Altering the tool’s dimensions can lead to variations in mechanical properties. Therefore, the adoption of simpler tool designs
might present a pragmatic approach in terms of cost-efficiency, provided they can still yield welds of high quality [29].

Moreover, FSW tools featuring multiple flats machined on a cylindrical surface have been recognized for their effectiveness in
improving material mixing and attaining high-quality welds [32]. Four flats are considered to be the optimum number that can be
machined off a cylindrical surface in this category [33]. Furthermore, researchers have noted that the pulsating stirring action and
localized heat generation on the flat surface are more pronounced in comparison to the curved surface of the tool probe [34]. Elan-
govan et al. [35] determined how different tool pin profiles affected FSW joints. These pin profiles comprised square, triangular,
threaded, tapered, and straight cylindrical pins. The experiment showed that the square pin profile produced better results than the
other profiles. The basic tool pin design features like straight, tapered, threaded cylinders and some polygon tool pin designs (triangle,
square, pentagon, and hexagon) are used for joining the workpiece by the FSW techniques [36]. Moreover, different shoulder surface
design features like concave, convex, scrolled, and spiral were also integrated with the pin features for improving the material flow and
getting the desired quality of joint [37,38]. The different tool pin designs and shapes change the microstructure and mechanical
properties of the FSW joint.

Additionally, Ilangovan et al. [38] studied the effects of the three simple pin geometries (straight cylinder, tapered cylinder, and
threaded cylinder) on the microstructure and mechanical properties of the FSW of dissimilar aluminium alloys (AA) 6061 and 5086
plates. The defect-free, higher mechanical properties, and excellent material mixing were reported by the threaded cylindrical tool pin
profile. The homogenous distribution of precipitates, onion ring flow pattern, and fine grains were observed on the weld nugget zone
when a threaded pin was used. Furthermore, Masoumi et al. [39] conducted a study exploring distinct tool pin geometries (conical pin,
stepped conical pin, threaded cylindrical pin, and cubic pin), shoulder geometries (flat, raised spiral, and raised fan), as well as the
effects of process parameters on material flow and mechanical properties in FSW of dissimilar aluminium alloys. Among the inves-
tigated configurations, the threaded cylinder, straight cylinder, and square tool pin profiles were associated with sound joint quality
[39]. Additionally, the raised fan shoulder surface exhibited an improved capability to enhance material flow from the shoulder edge
to the pin, promoting a smooth material flow across the raised fan shoulder surface.

Further, Li et al. [40] reported the material flow and temperature rise variation on the two different pin profiles, full threaded and
half threaded, in friction stir spot welding (FSSW) of 2A12-T4 aluminium alloy. The findings indicated that the half-threaded pin
design led to a broader bonding width in comparison to the full-threaded pin profile. Also, the peak temperature rises in half-threaded
pins were lower than those in full-threaded pins during welding. Mastanaiah et al. [41] reported the effect of the hybrid tool pin
(conical thread with triangular pin features) profile in the FSW of AA2219-T6. In the weld nugget zone, the coarser grains were re-
ported at the shoulder region, whereas at the bottom zone, the finer grains were observed for both hybrid and conventional tool pin
profiles. The weld quality made by the threaded tool pin was inferior to that of the hybrid tool. Moreover, the bobbin tool pin features
used for FSW of aluminium alloy plates were also reported by several researchers [42,43].
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The objective of this study is to investigate the evolution of microstructure and texture in the stir zone (SZ) region of joints formed
using square (SQ) and hexagon (HX) shape tool pin profiles. A comprehensive experimental analysis was conducted to assess the
impact of a flat tool pin profile, comprising both square and hexagon shapes, on the friction stir welding of AA7075-T6. Despite the
thorough experimental analysis, the interplay between strength, microstructure, and texture, particularly at the joint interface when
employing square and hexagon-shaped tool pins to join AA7075-T6 plates, has not been extensively explored. This research establishes
a correlation between strength, microstructure, texture, nanoindentation behaviour, and microhardness, providing valuable insights
into the properties of the weld joint and the influence of tool pin profiles. Optical microscopy (OM), field emission scanning electron
microscopy (FESEM), electron backscattered diffraction (EBSD), nanoindentation, microhardness, and tensile tests were conducted to
determine the microstructural and mechanical properties of the weld joint, and the results were compared for both square and
hexagon-shaped tool pin profiles.

2. Material and methods

The selected material for the present study is aluminium alloy plates of the 7075-T6 grade. Two of these AA7075-T6 plates are
utilized for the butt joint configuration through FSW experiments. Fig. 1(a) illustrates the diagrammatic representation of the FSW
plates along with the tools. The size of each plate is 100 mm, 50 mm, and 5 mm in length, width, and thickness, respectively (see Fig. 1
(c)). The chemical composition of the AA7075-T6 plate is given in Table 1. For the experiment, a 5-T capacity FSW machine (M/S RV
Machine Tools, Coimbatore, India) is used. Significant clamping is crucial within the FSW machine bed to enable the clamps to
withstand the forces (axial and lateral) exerted during the welding process. This ensures that the plates remain stable and aligned
without bending or misalignment.

Moreover, a crucial element in the FSW process for joining the two plates is the FSW tool. In present study, two distinct tool pin
profiles, namely square (SQ) and hexagon (HX) shapes, are employed for weld joining. These tools are fabricated from H-13 steel
material, and their chemical composition is detailed in Table 1. The specific dimensions of the tool pin profiles are illustrated in Fig. 1
(b). The FSW tool maintains uniform specifications across both pin profiles, with a shoulder diameter of 25 mm, pin diameter of 7 mm,
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Fig. 1. Schematic representations of (a) the FSW tool position with workpiece AA7075-T6, (b) FSW tool with square and hexagon shaped pins, (c)
dimensions of AA7075-T6 plate, (d) size of microhardness specimen, and (e) dimensions of tensile and microstructural samples, respectively.
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Table 1
AA7075-T6 workpiece and H-13 steel tool material chemical composition [44,45].
AA7075-T6 Cr Cu Fe Mg Mn Si Ti Zn Al
E m 0.11 E E E E X Balance
H-13 steel C Cr Mn Mo Si A% w Ni Fe
0.51 5.5 0.413 1.52 1.26 1 0.02 0.19 Balance

and pin length of 4.7 mm. The square and hexagonal pin shapes are derived from the initial 7 mm-diameter cylindrical pin profile. The
experimental process follows a sequence wherein the SQ-shaped pin profile is employed for the initial set of experiments, followed by
the utilization of the HX-shaped pin profile for the subsequent set. The optimized process parameters for plate joining are determined
as 850 rpm for rotational speed and 55 mm/min for welding speed [24,46]. Moreover, subsequent to the joining of the two plates, the
evaluation of the joint was carried out through the extraction of a weld specimen from the region where the plates were joined. To
achieve this, a wire-cut electric discharge machine (WEDM) was employed. Microstructure analysis and samples for tensile testing
were acquired from the welded regions associated with both the SQ and HX pin profiles. This facilitated a comparative analysis of the
impact on joint quality and material properties, considering variations in the pin profiles. Additionally, Fig. 1(e) depicts the schematic
illustration indicating the placement for cutting the tensile specimens, along with the measurements of the weld samples.
Thereafter, the AA7075-T6 welded specimen cross-section region is polished for a clear picture of the microstructure zone. The
weld specimen undergoes a polishing process using various grades (ranging from 200 pm to 3000 pm) of SiC emery paper. This
procedure effectively eliminates dirt particles and oxide layers from the weld cross-section, yielding a refined and clean surface.

Fig. 2. Optical macrograph image of weld cross-section using square shape FSW pin.
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Subsequently, the polished sample is carefully rubbed to achieve a mirror-like finish through the use of diamond paste with particle
sizes of 3 pm, 1 pm, and 0.25 pm. Following the polishing steps, the mirror-finished sample is subjected to etching using Keller’s
reagent, comprising 1.5 ml of HCl, 2.5 ml of HNOg3, 1 ml of HF, and 95 ml of distilled water. For obtaining the optical macrograph
images of the weld cross-section and its different regions, an optical microscope (Zeiss, Axio Imager, M2m) is utilized. This approach
enables the acquisition of clear and detailed images of the sample’s structure.

Additionally, a field emission scanning electron microscope (FESEM) machine (Zeiss, GEMINI 500) is used to examine the weld
cross-section’s surface in the central stir zone region using an electron backscattered diffraction (EBSD) analysis. Subsequently, me-
chanical testing of the weld specimen is carried out through microhardness and tensile tests. In the case of the microhardness test, the
central area of the weld cross-section (as illustrated in Fig. 1(d)) undergoes examination with a Vickers microhardness testing machine
(Zwick Roell). This test is executed with an indenter load of 100 gf and a dwell time of 10 s, with a spacing of 500 pm between
successive indenter locations. Then, the tensile test is performed on a universal testing machine (UTM) (Zwick Roell) with a capacity of
50 kN, utilizing a strain rate of 0.001 1/s. The design of the tensile specimen is selected from the ASTM E08 standard. After the tensile
test of the specimen, fracture surface images were taken from the FESEM machine. Further, the mechanical properties of weld SZ,
TMAZ, and HAZ at room temperature (23 °C) are evaluated by using a nano-indentation machine. A nano-indentation test was per-
formed on the Bruker Hysitron Nano-indenter T1 950 machine (Bruker Nano Inc., USA). A pyramidal-shaped tip of radius ~100 nm
made of diamond material is used for indentation. Nanoindentation is a rapid measurement method that provides mechanical property
data, including modulus and hardness. For this nano-indentation testing, samples were prepared following the standard metallo-
graphic sample preparation procedure, which involved common mechanical polishing on SiC emery papers and subsequent polishing
on diamond pastes until reaching a size of approximately 0.1 pm. Each indentation during testing was performed with a maximum load
of 50 mN and a dwell time of 2 s.

3. Results and discussion
3.1. Macrostructural analysis

Fig. 2 shows an optical macrograph (OM) image of the AA7075-T6 plate weld cross-section which formed using the SQ pin profile.
In the current analysis, the single-pass FSW process is used, and defect-free, high-quality joints are obtained after welding. Several
common defects encountered in FSW of aluminium alloys include kissing bond, void, tunnel, and crack [3,7,8]. These defects are often
attributed to improper material mixing, excessive heat generation, unsuitable tool selection, and suboptimal process parameter
choices. However, it is worth noting that the utilization of the SQ-shaped pin profile has led to the achievement of sound joints with
uniform material mixing, leading to improved joint quality. The FSW tool pin is compressed downward between the two AA7075-T6
plates at the interface region of the butt joint configuration position, while the shoulder is pushed against the surfaces of the materials
being welded [47]. The workpiece material experiences significant plastic deformation as a result of the tool’s frictional heat gen-
eration with the plates during a combination of rotational and translational motion. Due to the presence of flat faces on the FSW pin, a
pulsating stirring action is observed at the tool pin/workpiece contact region [48,49]. This leads to more deformation and thermal
softening of the material during welding. Also, the optimized number of flat faces present on the tool pin periphery is reported by
Kesharwani et al. [49]. They found that the SQ shape pin profile gives better mixing compared to other polygon pin profiles (hexagon
and pentagon) during FSW of aluminium alloy.

Furthermore, various areas (R1 to R4) are marked in the weld cross-section OM image of the FSWed joint used with the SQ-shaped
pin. R3 and R2 regions are marked on the advancing side (AS) and retreating side (RS) at the interface of the SZ, heat affected zone
(HAZ), and thermos-mechanically affected zone (TMAZ) regions, respectively. During the FSW process, three different weld zones,
such as SZ, HAZ, and TMAZ, are formed based on grain size. These different weld regions are formed because of differences in heat
generation and temperature rise (thermal softening) inside the materials. The transition zone between the SZ and HAZ regions is called
the TMAZ in the FSW/processing [50]. This zone experiences a lower peak temperature and strain rate than SZ. It has been observed
that this zone undergoes partial dynamic recrystallization. The HAZ exists after the TMAZ region. This zone only experiences the
thermal cycle. According to Mahoney et al. [51], the temperature rise in the HAZ during welding of the heat-treatable aluminium alloy
material is around 250 °C. At this temperature, the grain structure in the HAZ region was the same as the parent material. However, the
dissolution or coarsening of the precipitates is observed in this region. Here in R2 and R3, the different grain sizes show elongated and
fine and ultra-fine grains at the HAZ, TMAZ, and SZ regions due to different temperature rises and plastic deformations during welding.
Similarly, the R1 region just below the shoulder surface region shows the differences in grain size in the SZ, HAZ, and TMAZ regions.

Furthermore, the R4 region is marked at the weld stir zone. Here, the ultra-fine grain refinement was observed after welding with
an SQ-shaped FSW tool pin. The weld SZ region develops a recrystallized, fine-grained microstructure due to friction heating and
plastic deformation. This region experiences the highest peak temperature and strain rate. The SZ region is also known by different
names, such as nugget zone (NZ), weld nugget zone (WNZ), or dynamic recrystallized zone (DRX) [50]. This region observed the
onion-ring pattern of plastically deformed material flow. The dimension and shape of the SZ region depend on the process parameter,
tool design, heat generation rate, and thermal conductivity of the material used in the FSW process [51].

The temperature and strain rate in the FSW are influenced by various variables, including tool rotation speed, traverse speed, and
tool shoulder diameter [8,51]. Despite the linear relationship between tool rotational speed, traverse speed, and shoulder diameter, the
temperature in the weld zone increases with higher tool rotational speed but decreases with an increase in traverse speed. Moreover, an
enlarged shoulder diameter not only improves the tool’s heat-carrying capacity but also increases frictional heat. An escalation in
traverse speed elevates the strain rate and reduces the temperature in the weld zone, leading to the formation of a fine grain structure


astm:E08

R. Kesharwani et al. Heliyon 10 (2024) e25449

[52,53]. Following intense plastic deformation and exposure to elevated temperatures, the weld zone may undergo dynamic recovery
and dynamic recrystallization. This process results in a highly refined grain structure within the weld zone region and accordingly
dimension and shape of stir zone changes [51,52-54]. The defect-free, good material mixing, and ultra-fine gain refined in the
SQ-shaped FSW tool pin result in improvements in the tensile strength and mechanical properties of the joint, which will be further
discussed in the tensile stress-strain analysis of the weld specimen.

Furthermore, the weld cross-section OM image obtained from the hexagon shape pin profile is shown in Fig. 3. Here, defects are
observed at the AA7075-T6 plate bottom region towards the RS of the FSW tool. These defects arise as a result of inadequate material
flow at the lower region of the plate. Additionally, Patel et al. [33] noted a defect within the weld cross-section when employing the
HX-shaped pin profile. However, Kesharwani et al. [49] stated that the extra torque generated by the presence of a flat pin during FSW
is less pronounced in the case of an HX-shaped pin profile as compared to an SQ-shaped pin profile. A higher torque value during the
FSW process results in a high fraction of material thermal softening during welding, as reported by Andrade et al. [55]. Also, the
workpiece/tool contact length is shorter in the HX pin profile compared to the SQ-shaped pin profile [49]. Due to this, the heat
generation and thermal softening of the AA7075-T6 are low during welding in the case of the HX-shaped pin profile, and as a result, the
defect at the bottom region is observed.

Further, different regions R1 to R4 (see Fig. 3) are marked in the weld cross-section OM image. Grain size variation on SZ, TMAZ,
and HAZ is clearly seen in the R1 region. The grains in the TMAZ region exhibit a finer size, while those in the HAZ region appear
coarser. Moreover, R2 and R3 are marked at the SZ region, where ultra-fine grain size is observed. Due to the very high temperature,
high strain rate, and severe plastic deformation in the SZ region, the ultra-fine grains are observed [56,57]. Further, R4 is marked at the
bottom location of the plate, here the tunnel and void defects are clearly visible. The defects in the HX-shaped pin profile FSW joint are
formed due to the loss of material or mass imbalances during material flow around the tool pin. Also, Chitturi et al. [58] reported that

Fig. 3. Optical macrograph image of weld cross-section using hexagon shape FSW pin.
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tunnel defects are usually found in the bottom portion of the processed region. The inappropriate selection of the welding parameter
and tool design is responsible for the tunnel defect on the welded surface [59,60]. The optimized process parameter is used to join the
AA7075-T6 plate, and the process parameter is the same for both cases. Therefore, in the present case, tool shape is the main deciding
parameter for the formation of defects in the FSW process.

3.2. Microstructural and crystallographic texture analysis

Moreover, the EBSD analysis is utilized to evaluate the microstructural characteristics of AA7075-T6 base metal (BM) and FSWed
joint using by SQ, and HX shape pin profiles. The base metal (AA7075-T6) inverse pole figures (IPFs) map, which reveals the crys-
tallographic orientation of the grains, is shown in Fig. 4(a). The IPF map shows that the 7075-T6 BM contains coarser, elongated grains
that are parallel to the rolling direction (RD). Fig. 4(b) show the base metal low-angle grain boundaries (2°-15°) and high-angle grain
boundaries (15°-65°) fraction. Fig. 4(c) shows the grain size distribution, with an average grain size of 32.736 pm for the BM.
Additionally, Fig. 4(d) shows a misorientation angle distribution map for the BM, providing details on the distribution of misorien-
tation angles inside the grains.

Furthermore, Fig. 5(a) illustrates the IPF map obtained from EBSD analysis, representing the crystallographic orientation of grains
in the middle region of the AA7075-T6 FSWed plates using an SQ shape pin. Notably, the IPF map shows that the middle stir zone of the
Al-matrix contains an ultra-fine grain structure. The fractions of high-angle grain boundaries (fyagp) and low-angle grain boundaries
(fLagp) in the SQ shape pin FSWed joint are shown in the grain boundary plot in Fig. 5(b). The analysis indicates a notable occurrence of
high-angle grain boundaries, constituting a fraction of 0.864, while low-angle grain boundaries are relatively less prevalent,
comprising a fraction of 0.136. To accurately characterize the microstructure and grain boundaries in FSW of aluminium alloys the
misorientation angles within the 0°-2° range is commonly excluded [61,62]. By doing so, we can focus on the significant grain
boundaries and avoid misinterpreting small-angle misorientations that may result from dynamic recrystallization or the presence of
the nugget region. Therefore, we neglect the 0°-2° misorientation angle fraction presence in the EBSD scan region. Instead, we
consider the range of 2°-65° as fraction 1, and subsequently, we illustrate the fractions of LAGBs and HAGBs in the grain boundary
distribution plot (see Fig. 5(b)).

High-angle grain boundaries denote regions where the misorientation between neighbouring grains exceeds a specific threshold,
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high angles (15°-65°), (c) Chart illustrating the distribution of grain sizes, and (d) Graph depicting the distribution of misorientation angles.
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while low-angle grain boundaries represent smaller misorientations. The friction stir welding process with an SQ-shaped pin leads to
pronounced temperature elevations in its vicinity. Consequently, multiple restoration mechanisms come into play concurrently,
including continuous dynamic recrystallization (CDRX), discontinuous dynamic recrystallization (DDRX), and dynamic recovery
(DRV). Dislocations inside grains are destroyed and rearranged during DRV, which lowers the amount of stored energy [61]. CDRX is a
term used to describe the development of new grains within parent grains, which helps refine grains. Contrarily, DDRX involves the
nucleation and development of new grains in high-strain areas [62]. When using a SQ-shaped pin during the FSW process, these
restorative mechanisms together affect the microstructure and properties of the welded joint. The stir zone region develops a
recrystallized fine-grained microstructure due to friction heating and plastic deformation. This region experiences the highest peak
temperature and strain rate. The low dislocation density inside the recrystallized grain was reported by some researchers [50,63].
However, the other researcher found a high density of sub-grains [64], dislocation [65], and sub-boundaries [66] in the recrystallized
grain of the nugget zone. The process involves intense plastic deformation and dynamic recrystallization, both contributing to the
development of fine-grained structures that subsequently enhance the material’s strength and hardness.

Furthermore, Moradi et al. [67] observed the occurrence of static recrystallization (SRX) during the cooling phase subsequent to the
FSW process. High stacking fault energy (SFE) aluminium alloys undergo rapid dynamic recovery, causing dislocation buildup and
annihilation [68]. However, during the FSW process, dislocations align to generate sub-grain boundaries with 2° to 5° grain mis-
orientations. Dislocations reorganize inside sub-grain boundaries, forming low-angle grain barriers (LAGBs) with 5° to 15° mis-
orientations. LAGBs become less stable and become more stable high-angle grain boundaries (HAGBs) with misorientations beyond
15° as CDRX dominates during FSW. FSW restoration in aluminium alloys begins with DRV and then CDRX [57-59].

The use of the SQ-shaped pin in the weld’s AA7075-T6 stir zone results in a noticeable improvement in joint strength, as evidenced
by an increased proportion of HAGBs (0.864). Moreover, this region exhibits significant grain refinement. The existence of second-
phase particles during the FSW process initiates the mechanism of particle-stimulated nucleation (PSN). These particles hinder
grain growth in the weld zone [68,69]. The IPF map illustrates that the formation of precipitates during FSW of AA7075-T6 material
effectively restricts grain expansion, resulting in the development of ultra-fine grain sizes. Consequently, the PSN and CDRX mech-
anisms play crucial roles during the FSW process, enabling the achievement of ultra-fine grain refinement in the weld zone when
employing an SQ-shaped pin profile.

Fig. 5(c), illustrate the distribution of grain sizes within the weld SZ region fabricated by using an SQ shape pin profile. Grain size
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distribution plot revealed the 4.43 pm is the estimated average grain size within the SZ. This finding suggests effective blending at the
interface of the two AA7075-T6 plates during welding, which leads to a consistent dispersion of grain sizes. The curve that depicts the
frequency of various types of grain boundaries in the SZ region is shown in Fig. 5(d). Notably, the grain boundary distribution curve
closely resembles the random misorientation curve. According to this alignment, the grain boundaries in the welded region adhere to a
pattern of random misorientation, which is anticipated that a well-homogenized mixing AA7075-T6 material at the weld zone.
Moreover, a study by Salih et al. [70] reported that a higher proportion of HAGBs in the SZ area contributes to an improved tensile
performance of the weld specimen. Grain boundaries that have misorientation angles that are greater than a certain threshold is known
as HAGBs. In the welded area, the presence of HAGBs can improve mechanical properties, such as improved strength and toughness.
Overall, our findings show that a higher proportion of HAGBs has a positive impact on the tensile performance of AA7075-T6 welded
plates with a SQ-shaped FSW tool pin.

Fig. 6(a) displays the IPF map obtained through EBSD analysis, represent the crystallographic orientation of AA7075-T6 FSW joints
fabricated with the HX-shaped pin profile. The IPF provides information about the crystallographic orientation of the material’s grains.
The results indicated a remarkable refinement in grain size in the FSWed joint made using the HX shape pin profile. This indicates that
the grains within the material were notably reduced in size compared to those present in the AA7075-T6 base metal. Moreover, it was
found that the SQ shape pin generates more heat during the FSW process compared to the HX shape pin profile due to the larger contact
area between the pin and workpiece [49]. This increased heat generation leads to greater thermal softening of the material, resulting in
the formation of stronger high-angle grain boundaries when compared to the utilization of the HX-shaped pin. Additionally, the larger
material flow and mixing during welding with the SQ shape pin promotes the formation of an increased fraction of HAGBs. Conversely,
the insufficient temperature rises and thermal softening in the case of the HX shape pin during welding lead to the formation of a lower
fraction of HAGBs. Instead, the investigation showed that the HX shape pin profile AA7075-T6 plate weld zone had a larger quantity of
LAGB:s.

Fig. 6(b) depicts the distribution plot of HAGBs and LAGBs. The analysis indicated that the fj sgps is 0.388, while the fypgps is 0.612
in the FSWed AA7075-T6 material when using the HX shape pin profile. The presence of a lower fraction of HAGBs and a higher
fraction of LAGBs in the FSWed joint using the HX shape pin profile compared to joint made by SQ shape pin profile is attributed to the
low thermal softening of the material and insufficient material mixing. This results in a distinct grain boundary distribution compared
to the SQ shape pin profile. In summary, the EBSD analysis indicated that the FSW joint obtained using the HX shape pin exhibited
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Fig. 6. SZ region of AA7075-T6 welded plate using hexagon-shaped FSW pin: (a) EBSD inverse pole figure map, (b) Grain boundary distribution
emphasized for low angles (2°-15°) and high angles (15°-65°), (c) Chart illustrating the distribution of grain sizes, and (d) Graph depicting the
distribution of misorientation angles.
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ultra-fine grain refinement.

Fig. 6(c) depicts the plot showcasing the distribution of grain sizes within the welded SZ areas using the HX-shaped pin profile. The
SZ middle region exhibits an average grain size of 5.79 pm. It is to be observed that this value is higher than SQ shape pin weld zone
grain size (4.43 pm) and lower than base material AA7075-T6 (32.736 pm). The use of the HX-shaped pin in the AA7075-T6 weld SZ
results in improved grain refinement, which is attributed to the enhanced mixing of the AA7075-T6 material during the welding
process. The presence of smaller grain sizes suggests the possibility of enhancing tensile loading characteristics, a topic that will be
further explored in the subsequent section on tensile properties.

Fig. 6(d) illustrates the plot detailing the distribution of misorientation angles. It’s evident that the curve representing misorien-
tation angles in the HX-shaped weld SZ region doesn’t precisely follow the pattern of a random distribution curve. It is noteworthy that
between misorientation angles of 35° and 50°, the grain boundary distribution curve significantly deviates from the random distri-
bution curve. On the other hand, the random distribution curve closely resembles the grain boundary distribution plot when looking at
the misorientation plot for the SQ-shaped pin AA7075-T6 weld specimen (as shown in Fig. 5(d)). Overall, the EBSD study suggest that
using a HX-shaped pin profile for welding results in the existence of finer grain sizes and a higher level of grain refinement than using
the AA7075-T6 base metal. Furthermore, it is noteworthy that, within a particular range of misorientation angles, the distribution of
misorientation angles in the FSW AA7075-T6 joint produced using the HX-shaped pin profile deviates from the pattern of a random
distribution curve. On the other hand, when the SQ-shaped pin is employed for fabricating AA7075-T6 FSW joints, there is a more
consistent alignment observed between the grain boundary distribution plot and random distribution curve.

Further, the grain orientation spread (GOS) map obtained from EBSD analysis of FSWed AA7075-T6 workpiece SZ region by using
SQ and HX shape pin profile is shown in Fig. 7(a and b), respectively. GOS maps are used to differentiate between recrystallized and
deformed grains by restricting the misorientation angle to less than 2° for recrystallized grains and considering the rest as deformed. A
value of GOS <2° is used as a criterion to identify recrystallized grains during the FSW process. The GOS map is valuable in dis-
tinguishing strain-free (recrystallized, <2° shown in blue) and deformed grains (>2° shown in green) in the SZ region of the FSW joint.
The fraction of recrystallized grains is higher in the AA7075-T6 weld made using an SQ-shaped pin profile (as shown in Fig. 7(a)) due to
severe plastic deformation, strain rate, and thermal softening during the FSW process. The deformation of the AA7075-T6 material at
high temperature results in an increased volume fraction of recrystallized grains when using the SQ-shaped pin profile compared to the
HX-shaped pin profile. According to the GOS map, approximately 95 % of the grains were recrystallized in the AA7075-T6 weld region
using the SQ-shaped pin profile, while in the case of the HX-shaped pin profile, approximately 85 % of the grains are recrystallized.
Additionally, Table 2 presents a comparison of the average grain size, fraction of low and high angle grain boundaries, and fraction of
recrystallized grain in the SZ region of the AA7075-T6 weld joint fabricated using SQ and HX shape tool pin profiles.

The texture retained within a material after undergoing mechanical processes like FSW holds a significant influence over material
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Fig. 7. GOS maps of AA7075-T6 plate welds using (a) square-shaped, and (b) hexagon-shaped, pin profiles.
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Table 2
Grain size, fraction of high and low angle grain boundaries, and recrystallized grain in the SZ region of the AA7075-T6 FSW joint.
AA 7075-T6 FSW joint at Average grain High angle grain boundaries Low angle grain boundaries Fraction of recrystallized
Sz size fraction fraction grain
Square pin 4.43 pm 0.864 0.136 0.947
Hexagon pin 5.79 pm 0.612 0.388 0.845

strengthening mechanisms. For metals with a face-centered cubic (FCC) structure, the primary textures following FSW typically relate
to simple shear deformation. Pole figures (PFs) and orientation distribution functions (ODF) are frequently used by researchers to
observe and evaluate these textures within the SZ of an aluminum alloy. Fig. 8(a and b) show the proposed elements of basic shear
texture superimposed onto (001), (101), and (111) pole figures, each of corresponding to a different crystallographic orientation, in the
context of FCC materials [71,72]. Moreover, ideal texture components superimposed on ODF parts at various angles, such as ¢, = 0°,
45°, and 65°, are presented (see Fig. 8(a and b)). These theoretical components for FCC materials are also superimposed with the
observed PF and ODF sections to reveal the material’s current texturing. By comparing the proposed elements with the observed
texture, the types and orientations of textures induced within the material by the FSW process can be determined. This analysis
furnishes valuable insights into the changes in microstructure and mechanical properties of post-welding/processing. Fig. 9(a and b)
illustrate the PF and ODF plots acquired from EBSD analysis of the base metal AA7075-T6. The PFs for the (001), (101), and (111)
crystallographic planes within the BM depict a random distribution of texture components (see Fig. 9(a)). The grain structure in the
base material remains unchanged, attributed to insufficient heat generation and plastic deformation to induce significant
modifications.

Fig. 10 (a and b) depicts the pole figure and orientation distribution function map for friction stir-welded joints of 7075-T6,
employing an SQ-shaped pin profile. The dominant shear texture elements B/ B and C are consistently evident across all regions,
indicating pronounced shear deformation. Additionally, small amounts of the lower strain A;*, Ay*, and A/ A shear elements can be
found. In the ODF map, analysis is conducted at various angles (¢, = 0°, 45°, and 65°) and compared with theoretical components. This
examination of ODF map unveils the existence of recrystallization texture elements, including P {011} <112>, Goss {110} <001>,
and cube {001} <101>, as well as shear texture components like rotating cube (H) {001} <110>, and F {111} <112>. Together with
the dominance of the primary shear texture components (B// B and C) and the existence of these recrystallization texture elements
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Fig. 8. (a) Shear texture elements of FCC material perfectly overlaying (001), (101), and (111) PFs, and (b) Orientation distribution function at ¢,
= 0°, 45°, and 65°, respectively [73].
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Fig. 9. Superimposed ideal shear texture component on AA7075-T6 base material: (a) PF, and (b) Orientation distribution function sections at ¢, =
0°, 45°, and 65°, respectively.

indicates that the weld zone of AA7075-T6, using the SQ-shaped pin profile, has undergone fully dynamic recrystallization. Addi-
tionally, the GOS map obtained from the SZ region using an SQ-shaped pin profile shows approximately 95 % of the grains have
undergone recrystallization (see Fig. 7(a)). Therefore, the study proposes that complete dynamic recrystallization and significant shear
deformation have occurred in the AA7075-T6 FSW joint using the SQ-shaped pin profile, as shown by the obtained texture elements in
both the PFs and ODF maps.
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Fig. 10. Superimposed ideal shear texture component on AA7075-T6 plate weld using square-shaped pin: (a) PF, and (b) Orientation distribution
function sections at ¢, = 0°, 45°, and 65°, respectively.

Additionally, the theoretical texture elements of AA7075-T6 are overlaid onto (001), (101), and (111) pole figures and ODF
sections at ¢, = 0°, 45°, and 65° of the AA7075-T6 welded specimen using the HX-shaped pin profile. These PFs and ODF sections are
illustrated in Fig. 11 (a and b). The analysis reveals the presence of a large number of shear elements B/ B and C in the shear texture,
along with a some A;* and Ay* and A/ A elements, indicating substantial strain within the metal. The shear texture elements intensity
is stronger in the case of FSW employing the SQ-shaped pin tool (with an intensity of 4.770) compared to the HX-shaped pin tool (with
an intensity of 2.868). More of the shear texture component is present in the AA7075-T6 weld SZ region using the SQ-shaped pin profile

13
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Fig. 11. Superimposed ideal shear texture component on AA7075-T6 plate weld using hexagon-shaped pin: (a) PF, and (b) Orientation distribution
function sections at ¢, = 0°, 45°, and 65°, respectively.

indicates effective material mixing during welding. Furthermore, the BM AA7075-T6 shear texture intensity is 4.999, which is nearly
equivalent to the intensity of the AA7075-T6 weld joint PF when using the SQ-shaped pin, indicating considerable grain recrystalli-
zation due to substantial thermal softening of the material during welding.

Moreover, the ODF plot of the AA7075-T6 weld zone using the SQ-shaped pin profile exhibits a maximum intensity value of 10.235
(see Fig. 10(b)), significantly surpassing the ODF intensity obtained from the HX-shaped pin weld joint (4.842). Furthermore, the ODF
maps (see Fig. 11(b)) for ¢, = 0°, 45°, and 65°, when overlaid with theoretical texture elements, demonstrate a substantial presence of
recrystallized texture components such as Goss {110} <001> and P {011} <112>, deformed texture components like Copper {112}
<111> and Brass {011} <211>, and shear texture components such as rotating cube (H) {001} <110> and F {111} <112>,
respectively. The presence of Brass {011} <211>, and Copper {112} <111> texture components indicate high plane strain and

14



R. Kesharwani et al. Heliyon 10 (2024) e25449

deformation. A minor fraction of E {111} <110> and F {111} <112> texture elements signify the occurrence of shear deformation in
the acquired ODF map. The lack of P {011} <112> texture component in the materials confirms that deformation and shear are
prominent in the AA7075-T6 weld zone when using the HX-shaped pin after the FSW process.

3.3. Microhardness analysis

Fig. 12 illustrates a variation in microhardness exhibited on the surface of weld cross-section. The hardness variations for different
weld zones (HAZ, TMAZ, and SZ) in the FSW joints, are shown in Fig. 12 in the middle region (schematically shown inside) of weld
cross-section. It is noteworthy that the microhardness in all regions is lower than the AA7075-T6 BM due to thermal softening and re-
precipitation in second phase particles in those areas. The SZ + TMAZ region exhibits improved microhardness compared to HAZ,
which can be attributed to the grain refinement achieved through CDRX. Further, the tool profile in FSW can also have an effect on the
microhardness enhancement of aluminium welds. The tool profile can influence the heat generation, material flow, and mechanical
forces during the FSW process, which can affect the resulting microstructure and mechanical properties of the weld, including
microhardness [74-76]. The design of the FSW pin, including its diameter, and shape can impact the material stirring and deformation
during FSW. The microhardness (Hy) can be correlated with the grain size using the Hall-Petch relationship [77].

ku
v/D:

The hardness measurement in Equation (1) involves constants Hy and ky, related to the hardness measurement, and the average
grain size Dg. In the cross-section surface of the AA7075-T6 weld, using an SQ-shaped pin profile, a maximum hardness of 148 HV 2 is
observed at the SZ + TMAZ interface region RS. Despite the improved microhardness in the SZ + TMAZ region, it remains lower than
the BM AA7075-T6 hardness of 175 HV 5. This discrepancy contradicts the Hall-Petch relationship, which typically predicts higher
microhardness with smaller grain sizes. The difference in microhardness may be attributed to precipitate coarsening and reprecipi-
tation offsetting the microhardness gain from grain refinement of the welded region. Within the SZ area, the existence of precipitates
leads to the immobilization of dislocations, thus aiding in the process of refining the grain microstructure by impeding the growth of
grains [61,62]. The complex material flow during the FSW process, influenced by gradient in temperature, strain rate, and strain,
results in high dislocation density in the SZ due to its high strain rate and temperature.

According to the Hall-Petch relation, the combined effects of smaller grain sizes, higher dislocation density, and increased strain
within the SZ increase microhardness [77]. The weld SZ shows the amplified microhardness value due to the robust interfacial bonding
that emerges from welding AA7075-T6 plates using SQ and HX-shaped pin profiles. The thermomechanical process of FSW re-
distributes and fragments precipitates within the SZ region, transforming large and intricately shaped second-phase particles into
smaller, equiaxed grains, ultimately resulting in an increase in microhardness.

For the AA7075-T6 weld joint produced with SQ and HX-shaped pin profiles, the mean microhardness within the SZ region is
measured at 142 + 4 HV( 5 and 138 + 5 HV 5, respectively. The higher hardness in the SQ-shaped pin joint is attributed to uniform
mixing, severe plastic deformation, and high strain rate, resulting from the high thermal softening of AA7075-T6 during welding by
using the SQ-shaped pin. Additionally, there is a gradient in microhardness visible in the weld SZ area. The enhanced microhardness of
the fabricated joint is attributed to the uniform mixing of AA7075-T6 material accomplished through the utilization of the SQ-shaped
pin profile. Additionally, the process involves re-precipitation of second-phase particles and achieving ultrafine grain refinement,
further contributing to this improvement during the FSW process.
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Fig. 12. Microhardness comparison plot of square and hexagon-shaped pin profiles on the middle section of the weld cross-section in the hori-
zontal direction.
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3.4. Tensile properties

Tensile tests were conducted to assess the performance of AA7075-T6 friction stir welded (FSWed) joints fabricated using two
different pin profiles SQ and HX shapes. The tests measured the yield strength (YS) and ultimate tensile strength (UTS) of the joints.
Fig. 13(a and b) depict the correlation between strain-stress graphs and average UTS, YS, and elongation comparison graphs for the
AA7075-T6 joints produced using SQ and HX pin profiles, respectively. The joint fabricated with the SQ pin profile achieved a
maximum UTS of 387 MPa and a maximum YS of 275 MPa, while the joint fabricated with the HX pin profile obtained a maximum UTS
of 350 MPa and a maximum YS of 250 MPa. The lower strength observed in the joint fabricated with the HX pin profile is attributed to a
defect present at the bottom of the joint in region R4, as observed in the optical microscope image (Fig. 3).

The presence of defects in the FSW joint reduces its tensile strength, resulting in weaker joint performance. Additionally, the
AA7075-T6 joint fabricated with the SQ shape pin profile exhibits higher elongation (4.95 %) compared to the joint made with the HX
shape pin profile (2.6 %). The improved UTS and YS of welds made using the SQ shape pin profile are attributed to various factors.
These include enhanced interfacial bonding, a more homogeneous distribution of second-phase particles, re-precipitation phenomena,
and grain refinement. The uniformly dispersed second-phase particles and precipitates act as sites for dislocation pileup during tensile
loading, significantly enhancing the material’s strength.

Furthermore, the FSW tool’s stirring action breaks up larger grains, which helps the SZ region’s formation of finer, more uniformly
placed grains. These smaller grains contribute to enhancing mechanical properties, including heightened hardness and improved
fatigue resistance [65,58,60]. Additionally, the strength of the AA7075-T6 FSW joint is greatly increased by the second-phase particles
present in the SZ. As the FSW tool moves along the adjoining interface of the AA7075-T6 material, these second-phase particles
disperse throughout the weld area. These compounds from the second phase contribute to refining the grain structure within the SZ
area.

Further the grain refinement tends to correlate with an augmentation in tensile strength. The formation of finer grains results in a
heightened density of grain boundaries, impeding dislocation movement and thereby strengthening the material’s overall strength
[66,61]. The development of fine equiaxed grains is a distinct result of dynamic recrystallization, a process triggered by intense plastic
deformation [62]. This occurrence results in the generation of novel, smaller grains, subsequently impacting the mechanical properties
of the material. Moreover, the FSW tool’s rotational and translational motion brings about changes in texture within aluminium alloys.
This shift in grain orientation leads to a more randomized texture, presenting potential advantages for improving mechanical prop-
erties [62,63,67].

Moreover, the AA7075-T6 joint produced using the SQ and HX shape pin profiles exerts a noteworthy influence on material flow,
heat generation, and mixing within the weld zone during the FSW process. The FSW joint fabricated with the SQ shape pin profile
generates more frictional heat during welding because of its larger contact area with the workpiece. This elevated frictional heating
causes greater thermal softening of the material. The augmented heat input can impact the material flow and microstructure in the
weld zone, thereby contributing to the enhancement of the joint’s tensile strength. However, in the case of the weld zone fabricated
using the HX shape pin profile, defects may arise due to insufficient material mixing. This can lead to a non-uniform distribution of
alloying elements and microstructural inhomogeneity, resulting in weaker joint strength.

Additionally, as shown in Fig. 13(a), the tensile specimen image for the joint fabricated using the HX shape pin exhibits failure
within the welded region (SZ), whereas the joint made with the SQ shape pin fails from the HAZ region. Overall, the use of the SQ shape
pin profile can lead to more controlled and efficient welding processes, resulting in improved weld quality and enhanced mechanical
properties (UTS and YS). Moreover, the elongation in SQ shape pin welded joints is higher due to factors such as more uniform material
mixing, a defect-free joint, better grain refinement, and microstructural homogeneity within the weld region. The uniform mixing
achieved with the SQ pin in the AA7075-T6 weld region contributes to a consistent distribution of alloying elements, which in turn
enhances the overall ductility (elongation) of the joint. Overall, Table 3 provides a comparison of the mechanical properties of joints
welded using SQ and HX shape tool pin profiles.
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Fig. 13. Comparison plots of (a) stress-strain and (b) strength-elongation for square and hexagon-shaped pin weld specimens.
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Table 3

Mechanical properties of the AA7075-T6 FSWed joint.
AA 7075-T6 FSW joint Tensile strength Yields strength Elongation Microhardness
Square pin 387 MPa 275 MPa 4.95 % 142 + 4 HVy»
Hexagon pin 350 MPa 250 MPa 2.6 % 138 £ 5 HVy»

3.5. Strain hardening behaviour

Furthermore, a plot of true stress-strain relationship of FSWed joint made by SQ and HX shape pin profile is shown in Fig. 14(a). The
true stress and true elongation of an SQ-shaped pin AA7075-T6 weld joint have a higher value than an HX-shaped pin weld joint. Also,
Fig. 14(b) shows the rate of strain hardening (6 = 4%) graph for AA7075-T6 joint fabricated using SQ and HX shape pin profiles. The
strain hardening rate of the AA7075-T6 FSWed joint was evaluated by using a Kocks-Mecking plot approach [78-80]. The strain
hardening behaviour of AA7075-T6 joints is influenced by various factors, including grain refinement, dislocation density, texture
modifications, microstructure, and precipitate evolution.

Typically, the strain hardening behaviour can be observed in four stages. In the initial stage (stage I) of plastic deformation, the
material exhibits an intense and rapid increase in strain-hardening rate as dislocation density rises sharply due to plastic deformation.
Following this initial stage, the strain-hardening rate decreases due to dislocation annihilation, and then, during stage II, it increases
again as new dislocations pile up near the grain boundary. During stage III, dislocation storage is balanced by recovery and annihi-
lation, leading to a nearly constant strain-hardening rate. In the final stage (stage IV), the strain-hardening rate experiences a rapid
decline due to significant plastic deformation causing stress concentration in localized regions, leading to localized necking, final
fracture, and failure [78]. The presence of stages III and IV are prominent noticeable in the FSWed samples. The joint created using the
SQ-shaped pin initially demonstrates the highest strain hardening rate, attributed to its uniform material mixing and grain refinement,
which create sites for dislocation accumulation. As stage III progresses, the strain hardening rate gradually diminishes due to dislo-
cation elimination and the occurrence of dynamic recovery. Conversely, the FSWed joint formed using the HX-shaped pin profile
exhibits a lower strain hardening rate in comparison to the SQ-shaped pin. To gain deeper insight into the hardening behaviour, a
comparison is made regarding the AA7075-T6 joints made using the SQ and HX pin profiles in terms of their hardening capacity (Hc).
According to the Hall-Petch equation [68], both the YS and the grain size have an impact on the H¢. The hardening capacity equation is
[79]:

UTS - YS UTS
He= —vs " vs 1 )

The H¢ values for AA7075-T6 weld joints fabricated by SQ and HX shape pin profiles are 0.407 and 0.400, respectively as calculated
from Equation (2). A minor difference in H¢ value is observed in both cases, indicating that the joint welded with SQ and HX shape pin
profiles is stronger and harder as it is deformed.

3.6. Nanoindentation analysis

Nanoindentation experiments were conducted on the SZ, TMAZ, and HAZ regions of AA7075-T6 weld specimens to characterize
their local mechanical properties. Fig. 15(a) illustrates the load-displacement curves obtained for the joints welded using the SQ shape
pin profile. The average indentation depths recorded were 1064 nm, 1312 nm, 1339 nm, and 1000 nm for the SZ, TMAZ, HAZ, and base
metal (AA7075), respectively. The SZ region shows a lower indentation depth, and its value is very close to BM indentation depth
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Fig. 14. (a) Plot of true stress-strain relationship, and (b) graph illustrating the rate of strain hardening, for samples subjected to welding using
square and hexagon-shaped pins.
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Fig. 15. (a) Nano-indentation plot of load-displacement for weld joint regions using square-shaped pin, and (b) for weld joint regions using
hexagon-shaped pin. Comparison of (c) hardness and (d) elastic modulus at different weld regions for AA7075-T6 samples welded with square and
hexagon pins, respectively.

compared to other regions, indicating the hardness of the SZ region after welding by using an SQ shape pin is close to BM AA7075-T6
hardness. Also, in the microhardness plot, it is clear that joints fabricated using the SQ shape have a higher hardness in the SZ region
(see Fig. 12). Further, Fig. 15(b) shows the load-displacement curve in different weld zones of an AA7075-T6 weld joint fabricated by
an HX shape pin profile. In this case, the indentation depths are 1149 nm, 1254 nm, 1320 nm, and 1012 nm for SZ, TMAZ, HAZ, and BM
7075-T6, respectively. Here also, the indentation depth in SZ is close to the BM indentation depth, which indicates the high hardness
within the SZ area, as clarified from the microhardness plot of HX shape pin weld region.

Furthermore, Fig. 15(c and d) depict the average hardness and elastic modulus values for the SZ, TMAZ, HAZ, and base metal
(AA7075-T6) of weld specimens fabricated using SQ and HX pin profiles. The SZ region of the FSW joint produced by the SQ shape pin
exhibits the highest hardness and elastic modulus, in accordance with the microhardness results (as shown in Fig. 12). On the other
hand, the HX shape pin profile weld specimen shows relatively lower hardness and elastic modulus in the SZ region. The SZ region
displays a higher standard deviation in hardness values, which can be attributed to variations in microstructure and strain gradient (as
depicted in Figs. 5 and 6). These combined effects of inhomogeneous microstructure and varying strain result in differences in the
mechanical properties across different locations within the SZ region. Specifically, the hardness of the material is influenced. Further,
regions with finer grains and lower strain tend to exhibit higher hardness, while areas with coarser grains and higher strain typically
have lower hardness. The microstructure of a material plays a pivotal role in determining its mechanical properties, particularly at the
nanoscale. The material’s nanomechanical behavior can be significantly influenced by different aspects of its microstructure, including
grain size, precipitate evolution, dislocations, and grain orientation.

Moreover, the theoretical Nix-Gao model is frequently used to evaluate nanoindentation data and develop an understanding of the
mechanical properties of materials at the nanoscale. In nanoindentation, a small and pointed Berkovich indenter, having a pyramid-
shaped diamond tip, is pressed into the material’s surface, resulting in the formation of a hemispherical plastic deformation zone. The
following equation is used to estimate the diameter of the plastic deformation zone [81]:

2r=2a~ 8.7h 3

Equation (3) incorporates the average indentation depth from different locations in the AA7075-T6 FSWed joint, welded using SQ
and HX shape pin profiles, to calculate the diameter of the plastic deformation zone (2r). The values of ’a’ and "h’ represent the
indentation radius and maximum indentation depth, respectively. The dimensions of the plastically deformed zone are 9.99 pm, 10.91
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pm, and 11.48 pm in the SZ, TMAZ, and HAZ regions of the HX shape weld specimen, respectively. Conversely, the SQ shape pin weld
specimen exhibits plastic deformation zones with dimensions of 9.25 pm, 11.41 pm, and 11.64 pm, respectively. Based on these
findings, the HAZ region demonstrates a higher level of plastic deformation compared to the SZ. Fig. 7 reveals that the majority of
grains recrystallize in the SZ zone, whereas as we move towards the TMAZ and HAZ regions, the grains undergo plastic deformation.
This again confirm weld made by SQ having high fraction of recrystallized grain compared to HX pin profile, similar to results obtained
GOS map of weld SZ region (see Fig. 7). Furthermore, the diameter of the plastic deformation zone (2r) is smaller in the SZ region of
welds created using the SQ shaped pin profile in comparison to welds made with the HX shaped pin profile. This finding supports the
results obtained from welds made with the square pin profile have more recrystallized grains compared to those produced with the
hexagon pin profile. This correlation aligns with the outcomes derived from the GOS map of the weld SZ area (see Fig. 7). Overall, the
grain boundary remains a crucial part of the plastic deformation zone and significantly influences the estimation of nanohardness
within the SZ.

3.7. Fractographic analysis

Following the tensile test, Fig. 16(a and b) display images of the fracture surfaces from the tensile failure of the AA7075-T6 weld
specimens produced using the SQ and HX pin profiles, respectively. The FESEM images provide insights into the failure modes and
characteristics of the welded joints after uniaxial tensile testing. Fig. 16(a) shows the fractographs of the joint welded with the SQ-
shaped tool pin, showing numerous fine equiaxed dimples throughout the fracture surface. Further, a higher density of dimples on
the fracture surface of an FSW joint is correlated with higher strength and ductility [71]. The density of dimples on the fracture surface
is directly related to the amount of energy absorbed during deformation. Higher dimple density suggests that the material absorbed
more energy before fracturing, indicating higher strength and toughness [73]. It implies that the FSW joint can withstand more load
and deformation before failure. Further, the presence of numerous, closely spaced dimples suggests a fine-grained microstructure,
which is often associated with improved mechanical properties [75,76]. These dimples are observed on the fracture surfaces, signi-
fying sound bonding and a ductile failure of the joint.

Fig. 16(b) illustrates the fractographs of the welded joint produced using the HX tool pin, revealing the noticeable presence of voids
or tunnels on the fracture surface. Under tensile loading, cracks initiate from these areas and propagate through the firmly bonded
sections between the two plates. The fracture morphology within the welded regions shows abundant micro-voids, along with dimples,
and also exhibits some shear failure marks, signifying a consistent blending and bonding between the two plates within these zones. In
the case of the HX tool pin, the pressure disparity between the bottom and top of the tool pin could induce the material flow to detach

Dimples

Véids
e »‘s“\\f‘re_aﬁng and

(b)

Fig. 16. Fractography images of tensile fracture surfaces for (a) square-shaped, and (b) hexagon-shaped pin profiles in FSW tool.

19



R. Kesharwani et al. Heliyon 10 (2024) e25449

from the tool pin, leading to tunnel creation due to insufficient mixing of the base metal. Nevertheless, the fractographs adjacent to the
tunneling region display tearing and ruptures with a certain degree of stretching, although lacking prominent dimples. This suggests
brittle failure in the surrounding area of the tunnel, featuring a degree of cleavage failure pattern [23,46]. Upon comparing the
fractographs of joints welded using SQ and HX tool pins, it becomes evident that ductile failure characterized by the presence of
dimples is predominantly observed in well-bonded regions. Conversely, brittle-type failure involving shear, tearing, and rupture is
noticeable in proximity to the tunnel or void regions. When subjected to tensile loading, the yield strength and ultimate tensile strength
values rise due to the abundance of dimples and second-phase particles in the weld region. These factors collectively impede dislo-
cation movement under tensile loading.

4. Conclusion

The present work extensively explored the microstructure, texture evolution, and mechanical properties of the friction stir welding
joint of AA7075-T6 plates employing square and hexagon-shaped tool pin profiles. The following conclusions can be taken from the
results:

1. The use of a square shape pin profile resulted in a defect-free joint with effective material flow and enhanced mechanical properties
at the optimal process parameters of welding speed (55 mm/min) and rotational speed (850 rpm).

2. EBSD analysis revealed a significant grain refinement within the SZ of AA7075-T6 weld cross-section made using the SQ (4.43 pm)
and HX (5.79 pm) shape pin profiles, compared to the base metal AA7075-T6 (32.736 pm). Notably, the weld joint fabricated using
the SQ shape pin profile exhibited appreciable improvement in fyagps and a higher fraction of recrystallized grains within the SZ
compared to the joint made using the HX shape pin profile, shows the effectiveness of the CDRX mechanism during the deformation
process.

3. PF analysis confirmed the presence of major shear texture components (B/ B and C) with minor presence of A1*/A,* and A/ A,
indicating the occurrence of higher strains within the SZ region. Additionally, ODF analysis revealed the existence of recrystalli-
zation texture components, such as cube {001} <101>, P {011} <112>, and Goss {110} <001>, along with shear texture
components, including rotating cube (H) {001} <110> and F {111} <112>. The combination of these recrystallization texture
components and the prevalence of main shear texture components (B/ B and C) strongly suggests that the AA7075-T6 weld zone,
utilizing the SQ-shaped pin profile, has undergone complete dynamic recrystallization.

4. The microhardness study revealed that the mean microhardness values for the AA7075-T6 weld made using SQ and HX shape tool
pin profiles was 142 + 4 HV » and 138 + 5 HV 5, respectively. The SZ exhibited higher microhardness than the TMAZ and HAZ for
both SQ and HX shape tool pin profile joints.

5. The tensile analysis revealed that the weld joint fabricated using the SQ shape pin profile exhibits superior mechanical properties
compared to the weld made using the HX shape tool pin profile. The weld joint made with the SQ shape tool pin profile showed
maximum UTS of 387 MPa, YS of 275 MPa, and elongation of 4.95 %. In contrast, the weld joint made with the HX shape tool pin
profile exhibited lower UTS of 350 MPa, YS of 250 MPa, and elongation of 2.6 %.

6. Nanohardness analysis of the joint revealed that the weld joint made using the SQ shape tool pin profile exhibited higher hardness
and modulus compared to the joint made using the HX shape pin profile.

7. Fractography analysis revealed that after tensile loading joint was welded using an SQ-shaped tool pin had numerous fine equiaxed
dimples throughout the fracture surface. A higher dimple density suggests that the material absorbed more energy before frac-
turing, indicating higher strength and toughness.
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