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Abstract
Excellent strength and corrosion resistance make dissimilar AA6061-T6/AA7075-T6 aluminium welding a popular choice 
in the aviation and automobile industries. Fusion welding may lead to defects like voids, thermal cracks, residual stresses, 
and coarse grains, which can affect the integrity of the joints. To address these problems, friction stir processing (FSP) 
was commonly employed to increase the microstructural and mechanical features. This study examined the influence of 
tool spindle speeds on tungsten inert gas (TIG) welded joints, as well as the microstructural features and their relationship 
to tensile strength, impact toughness, and wear resistance. As the spindle speed of the tool increased, the dendritic coarse 
grain structure of TIG-welded joints in the fusion area transformed into equiaxed ultrafine structures in the stir region. For 
the TIG + FSP welded sample at 1300 rpm, the average grain size decreased by 83.10% and the tensile strength and impact 
toughness increased by 74.84 and 88.89%, respectively, while the wear rate decreased by 46.87%. The TIG + FSP joint had 
a high tensile strength of 278 MPa, a good impact toughness of 17 J, and a low wear rate of 86 µm at a tool spindle speed 
of 1300 rpm, while the TIG welded joint had a lower tensile strength of 159 MPa, an impact toughness of 9 J, and a higher 
wear rate of 132 µm. The tensile fractured surface of TIG joints showed rough cleavage facets, coarse dimples with some 
voids, while the TIG + FSP joints showed a fine equiaxed dimples with no voids.

Keywords TIG + FSP · Dissimilar aluminum plates · Scan electron microscopy · Energy diffraction scanning · Impact 
toughness · Wear resistance

1 Introduction

Friction stir processing (FSP) is derived from friction stir 
welding (FSW), which is a solid-state joining technique ini-
tially created for aluminium metals [1]. The FSP enhances 
the material’s surface qualities via strong plastic deforma-
tion, mixing, and breaking the material via stirring action, 
and frictional heat generation [2, 3]. This innovative met-
alworking method alters and manages microstructures in 
the close-to-surface regions of metal parts. It enhances the 
mechanical features of the joint while eradicating flaws 
stemming from heat dispersion [4, 5]. The mechanical fea-
tures encompass microhardness, impact toughness, flexural 

strength, tensile strength, and percent elongation [6–8]. Over 
the years since its introduction, FSP has found diverse appli-
cations in enhancing the tensile properties of various materi-
als, such as aluminum alloys. Beyond excelling in modify-
ing material surfaces, FSP has also garnered attention for 
its recent contributions to improving the characteristics of 
previously welded joints, including friction stir welded and 
fusion welded joints, among others [9].

The FSP approach is strongly advised for enhancing the 
processed zone for multiple reasons. The metallurgical fea-
tures of the friction stir processed area can be influenced by 
adjusting the tilt angle, tool spindle speed, traverse speed, 
and vertically pressure [10–12]. Other material processing 
techniques can be utilized, but the FSP technique stands out 
as the sole method that allows for control of processed depth 
by controlling the tool pin length. Additionally, friction stir 
processing is an eco-friendly method of processing that is 
energy-efficient. It is a completely automated process that 
offers excellent dimensional stability [13–15].
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Various kinds of literature concur with the support for 
FSP as a means to enhance the quality of fusion welds, 
including those produced through FSW. The study deter-
mined the use of the FSP technique on TIG welds of dis-
similar AA6061 and AA7075 alloys with Si and Mg rich 
fillers to enhance mechanical strength and wear resistance 
[16]. It was deduced that as the Mg rich filler resulted in 
improved mechanical strength and wear resistance and lower 
residual stresses of the TIG weld. A significant grain refine-
ment was observed for TIG + FSP welds, specifically the 
stir zone grain size reached to 3.2–4 µm. The tensile frac-
tured surface of TIG welds exhibited cleavage facets, tear 
ridges and coarse dimples resulting brittle mode of failure, 
while the TIG + FSP welds showed fine and equiaxed dim-
ples resulting ductile mode of failure for both the fillers. In 
another investigation, the friction stir processing was applied 
to the TIG welded joints of the above-mentioned alloys with 
same fillers and investigated the material flow and mechani-
cal behaviour of the weldments [17]. The TIG welded joint 
exhibited high compressive residual stress values of the 
order 64 MPa at the fusion region for Si rich filler, while 
the TIG + FSP joint shown to be least compressive residual 
stress values of the order 39 MPa at stir region of the joint. 
The mechanical features of the TIG + FSP weldment were 
also increased due to the better material flow, significant 
grain refinement and existence of fine precipitates across 
the weld processed region. The FSP impact was added to 
the literature through the creation of statistical equations 
aimed at forecasting the mechanical characteristics and 
residual stress in the joint study mentioned earlier [18]. 
It was deduced that, TSS was the most influential factor 
that affected the TIG + FSP joint and found that improved 
mechanical features including tensile strength, % elonga-
tion, and microhardness compared to the TIG welded joint 
for increased spindle speeds. The mechanical characteris-
tics were enhanced as a result of grain size reduction in the 
processed region owing to an elevated tool spindle speed. 
Thakral et al. [19] performed the friction processing to the 
TIG welded AA6061-T6 butt joints and investigated its 
effect on joint tensile and microhardness properties. They 
obtained a fine equiaxed recrystallized grains in the weld 
zone and improved tensile and microhardness properties 
after FSP. Da Silva et al. [20] conducted research into how 
FSP affects aluminum joints that have been MIG-welded, 
examining cases with and without additional reinforcements. 
The findings showed that FSP enhanced the fatigue life of 
the MIG welds, regardless of the presence of reinforcements. 
However, the hardness and mechanical strength were not 
significantly affected by FSP, although there was a slight 
improvement in ductility. Weak wetting and porosity in the 
MIG welded joints were identified as the root cause of the 
improvement. MIG + FSP junctions that included reinforce-
ments had a finer grain size than those that did not. As a 

result, the MIG + FSP joints that included reinforcements 
had better tensile properties. Saad et al. [21] performed 
FSP on the tungsten inert gas weldments of base AA7020 
plate butt joints and found that the hardness strength of the 
joint improved by 118.5% over the TIG joints and by 103% 
over the base AA7020 plate. In another work on improv-
ing the MIG welded dissimilar 5083-H321/5356 aluminum 
joints using FSP have been documented in publications 
[22]. It was investigated that FSP led to enhanced grain-
size strengthening, resulting from both grain refinement 
and the Hall–Petch relationship. Additionally, FSP dem-
onstrated improved precipitate strengthening as a result of 
the breakdown and higher volume fraction of precipitates 
formed, which resulted in increased yield strength of the 
joint. This investigation utilized dissimilar AA6061-T6 and 
AA7075-T6 plates, both members of the heat treatable 6xxx 
and 7xxx aluminum alloy series. AA6061-T6, enriched with 
Al–Mg–Si, and AA7075-T6, comprising Al–Mg–Zn, have 
risen to prominence as fundamental structural aluminum 
alloys. AA6061-T6 finds application in motor vehicles, stor-
age vessels, naval sections, pipes, and aviation frames, and 
various other industries, while AA7075-T6 is predominantly 
employed in the fields of aerodynamic elements, machined 
and arch components, exterior face components, and string-
formed sections [23, 24]. With the growing utilization of 
various materials in industries like aerospace and automo-
tive engineering, the need to effectively join these materials 
becomes imperative. In many instances, the two specified 
alloys can be joined to produce new structures [25–27]. Fur-
ther development of friction stir processing (FSP) in welded 
joints necessitates comprehensive research on various dis-
tinct welded joints.

The aforementioned literature review uncovered very few 
works that discuss the impact of FSP on TIG welding of 
dissimilar heat-treatable aluminium alloys. In the present 
investigation, an attempt was made to enhance the tensile 
strength, impact toughness, and wear resistance of the TIG-
welded dissimilar AA6061-T6/AA7075-T6 weldments by 
utilizing FSP. Improving the mechanical and microstructural 
features of tungsten inert gas welded joints through friction 
stir processing played a pivotal role in the field of design and 
manufacturing. The tungsten inert gas welding followed by 
friction stir processing aids in the identification of the opti-
mal conditions for achieving quality joints. The optimal con-
ditions were determined in the current investigation through 
the utilization of mechanical and microstructural characteri-
zation methods. The microstructural analysis of weldments 
facilitates a deeper understanding of structural modifications 
such as grain size variations, grain morphology, and precipi-
tate distributions resulting from friction stir processing. The 
microstructural analyses were carried out through optical 
microscopy (OM), scanning electron microscopy (SEM), 
and energy diffraction scanning (EDS). Furthermore, SEM 
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and spectroscopic analyses of tensile fractured surfaces were 
explored to validate the experimental findings.

2  Materials and methods

The high-strength aluminum AA6061-T6 and AA7075-T6 
alloys used in the present study were cut into specific dimen-
sions of 150 × 50 × 6  mm3, were selected as the base alloys 
and ER 5356 [16, 24, 28] as the filler wire metal for TIG 
welding. Table 1 reported the elemental compositions of the 

base alloys and filler wire metal obtained by energy diffrac-
tion scanning methods. The mechanical and wear features of 
the base alloys and TIG weldment with filler ER5356 were 
determined experimentally and presented in Table 2.

Table 3 displays the working process parameters for TIG 
welding of dissimilar aluminum plates based on relevant 
literatures [7, 17, 24] and lab experiments. However, the 
input FSP parameters viz. tool spindle speed, traverse speed, 
and tilt angle and their ranges were also identified through 
relevant literatures [10, 29, 30] and laboratory experiments. 
Before TIG welding, every plate’s faying surface was thor-
oughly cleaned using acetone and a wire brush to eliminate 
oxide coatings and other impurities. Following the removal 
of oxide layers, V-grooves were machined with a 1.6 mm 
root gap, a 1.6 mm root face, and a 90° groove angle. A 
completely automatic TIG welding arrangement (KEMPPI 
MasterTig 335 ACDC G) (Fig. 1a) was employed to fabri-
cate TIG welded joints for the selected optimum welding 
parameters given in Table 3. Following a comprehensive 
cleaning process, both the aluminum plates were affixed to 
a mild steel platform measuring 200 mm by 200 mm, which 
had a thickness of 30 mm. Mechanical clamps were used 
to ensure a secure attachment and prevent distortion due to 
the welding heat [24]. During the TIG welding procedures, 
argon gas with a purity level of 99.99% was utilized along 
with an alternating current polarity. A double pass welding 
operation was carried out, employing a pure tungsten elec-
trode of 3.2 mm in diameter, a 2.4 mm infill metal electrode, 
and a consistent arc gap of 2.5 mm.

Table 1  Element compositions 
(weight %) of the base alloys 
and filler wire metal

Metals Cu Zn Mg Mn Cr Ti Fe Si Al

AA7075-T6 1.19 5.21 2.21 0.02 0.29 0.06 0.39 0.44 Balance
AA6061-T6 0.23 0.24 0.94 0.10 0.05 0.14 0.69 0.65 Balance
ER5356 0.015 0.03 4.78 0.15 0.12 0.08 0.13 0.02 Balance

Table 2  Mechanical and wear properties of the base AA6061-T6 and 
AA7075-T6 plates

σTS = maximum tensile strength; �pe = maximum elongation;  EIT= 
maximum impact toughness; ΔhWR = maximum wear rate

Plates σTS (MPa) �pe (%) EIT (J) ΔhWR (µm)

AA7075-T6 519 11.8 19 65
AA6061-T6 324 21.3 26 78

Table 3  Selected TIG welding parameters

Working 
parameter

Welding 
current (A)

Arc voltage 
(V)

Weld-
ing speed 
(mm/s)

Argon flow 
rate (lpm)

Description 148 20 1.3 19

Fig. 1  Experimental setup of a an automatic TIG welding process, and b TIG + FSP welding technique
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After the fabrication of TIG welded joints, FSP was car-
ried out on the welded joints using a Computer Numeri-
cal Control (CNC) FSW machine (40kN HYD) as shown 
in Fig. 1b. Before FSP was used, the surfaces of both the 
base alloy were meticulously cleaned, and they were firmly 
placed onto an 8 mm-thick mild steel fixture that measured 
285 mm in length and 177 mm in width. Mechanical clamps 
were then used to securely attach them. Additionally, the 
dedicated FSW machine is equipped with hydraulic clamps 
to avoid deformation caused by high forging pressure and 
enhanced welding temperatures owing to frictional heat. 
AA6061-T6 was positioned on the advancing side, whereas 
AA7075-T6 was positioned on the retreating side. One can 
observe that the advancing direction refers to the side where 
the rotational and traverse speed of the tool pin are in same 
direction, while the retreating side refers to side where the 
rotational and traverse speed of the tool pin are in opposite 
direction [31]. A tool constructed from H13 tool steel was 
employed during FSP operations. The tool had the follow-
ing dimensions: shoulder diameter of 20 mm, pin length of 
5.4 mm, and a 3 mm diameter at the tip and a 6 mm diameter 
at the base. The tapered square [32] pin profile tool was 
chosen for FSP operation as it yielded the best results with 
improved material mixing and no tunnel defects observed 
during trial experiments. The TIG + FSP experiments were 
conducted using the process parameters outlined in Table 4. 
Each experiment involved a single pass, a plunge depth of 
0.5 mm, and a dwell time of 20 s. Figure 2 depicts the weld 
appearance of TIG and TIG + FSP welded joints, which 
disclose the formation of uniform ripples without any ther-
mal cracks for TIG welds and the absence of any defects or 

additional flash for TIG + FSP welds, indicating the success-
ful fabrication of both types of joints.

Microstructural samples were taken from the weld region 
of TIG and TIG + FSP weldments using wire electric dis-
charge machining (EDM). Afterward, the welded specimens 
underwent a thorough grinding and polishing process, start-
ing with a 220-grit size and progressing up to 2200 grit size 
abrasive papers. Subsequently, they were subjected to dia-
mond polishing using 0.5 µm grit size diamond paste and 
then etched with Keller’s reagent for 12 s to achieve a mir-
ror finish. The microstructural analysis was conducted using 
an optical microscope (Metzer-M, India) and scan electron 
microscope (Make: Zeiss SUPRA40) equipped with an EDS 
detector. Phase analysis was carried out utilizing an XRD 
machine (Empyrean, Malvern PANalytical diffractometer) 
with XRD data recorded at λ = 1.5418 Å and 2θ ranges span-
ning from 10 to 90°, employing CuKα radiation. Tensile, 
impact, and dry sliding wear assessments were conducted 
on TIG and TIG + FSP weldments to gauge the resulting 
outcomes.

A transverse tensile test specimen was created through 
wire EDM, following the ASTM E8-M04 standard. Tensile 
examination utilized a Zwick/Roell Z250 universal testing 
equipment (as seen in Fig. 3a) with a 250 kN capacity, oper-
ating at a strain rate of 2 mm/min under usual circumstances. 
Charpy impact examination was performed utilizing a pen-
dulum-style Tinius Olsen IT406 impact tester (as depicted 
in Fig. 3b) at usual circumstances. Charpy impact specimens 
adhered to ASTM E23-04 standards. In the assessment of 
impact toughness, parameters included an impact speed of 
5.5 m/s, a pendulum mass of 27 kg, and an impacting angle 
of 90 degrees. Figure 3c and d provide a detailed depiction 
of the tensile and Charpy impact test specimens with their 
dimensional attributes. The pin-on-disc wear experiments 
were conducted in accordance with ASTM G99-05 using a 
high-temperature DUCOM TR-20L-PHM 800-DHM rotary 
tribometer under dry sliding conditions. Prismatic test sam-
ples, sized 5 × 5 × 10  mm3, were extracted via wire EDM 
from the weld bead area and tested against an EN31 steel 
disk with a hardness of 63 HRC. After performing a thor-
ough cleaning on the test samples and disc, the frictional 

Table 4  Selected TIG + FSP welding parameters

Specimens Tool traverse speed 
(mm/min)

Tool spindle 
speed (rpm)

Tool tilt angle 
(degree)

1 55 900 2
2 1100
3 1300

Fig. 2  Weld bead appearance of 
a TIG weldment, b TIG + FSP 
weldment (1300 rpm)
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force between the pin and disc was measured using a stress 
sensor to estimate the coefficient of friction (COF). The tests 
were conducted under a vertical load of 40 N, with a track 
diameter of 40 mm, and disc rotation speeds of 450 rpm, 
575 rpm, and 875 rpm, each lasting for 10 min. Optical 
microscopy was subsequently employed to examine the 
worn-out samples and investigate wear surface morphology. 
Three repetitions of each test, including the tensile, impact, 
and wear tests, were conducted in the current investigation, 
and the mean value of each test was recorded.

3  Results and discussion

3.1  Microstructure

Figure 4 depicts the optical microstructures at the centre 
of unprocessed TIG and friction stir processed (TIG + FSP) 
joints. Fusion zone (FZ) refers to the middle of TIG 
welded connections, which is the distinct non-equilibrium 
cast micromorphology that emerges due to constitutional 

undercooling and varied nucleation during rapid weld-
ing thermal cycles [33]. Figure 4a displays the TIG weld 
microstructure of the FZ at the weld centre which consists 
of dendritic grain morphology. Additionally, the ImageJ 
software was used to analyses the average grain size of TIG 
and TIG + FSP welded connections. According to the find-
ings, the average grain size in the TIG weldment’s fusion 
zone with filler ER5356 is approximately of 24.68 µm (see 
Fig. 4(a)). Since, the TIG welding involves local melting and 
solidification, leading to relatively higher heat concentra-
tions and slower cooling rates near the weld, which result in 
dendritic structures, and coarser grains in the welded joints 
[24].

Figure 4b, c, and d display the TIG + FSP weld micro-
structure of the stir zone (SZ) at the weld nugget centre 
at different tool spindle speeds 900 rpm, 1100 rpm, and 
1300 rpm. Results display that all the TIG + FSP welded 
samples exhibit fine equiaxed grain morphology at the cen-
tre of stir zone. It can be addressed that; the fusion weld-
ing process completely obliterates the dendrite structure 
after friction stir processing. Evidently, the FSP leads to 

Fig. 3  a Universal testing 
machine for tensile test, b 
Tinius Olsen machine for 
charpy impact test, c tensile 
sample, and d impact sample 
with proper dimensions
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the formation of highly refined equiaxed grains, replacing 
the non-oriented larger grains that originated during solidi-
fication. The utilization of FSP induces notable heat due 
to friction and substantial plastic deformation, prompting 
dynamic recrystallization (DRX) within the SZ. This process 
results in the creation of uniform, finely-grained, and equi-
axed recrystallized grains, as illustrated in Fig. 4b, c, and d. 
The friction stir modification leads to the formation of a SZ 
microstructure with grain sizes of 8.13 µm, 6.02 µm, and 
4.17 µm at tool spindle speeds of 900 rpm, 1100 rpm, and 
1300 rpm, respectively. As the tool spindle speed increases, 
the average particle size at the SZ decreases, which sup-
ports Mehdi and Mishra’s findings [17]. An increased spin-
dle speed value may result in significant frictional heat in 
the SZ, which may cause adequate heat generation and tool 
agitating action, resulting in the decreased average grain size 
[34]. It has been proven that different friction stir processing 
factors, such as tool profile, elemental composition, sub-
strate temperature, vertical forging pressure, and active cool-
ing, have an enormous impact on the size of recrystallized 
grains in the stirred zone [35]. FSP stands for a hot working 
technique. The concurrent occurrence of dynamic recovery, 
recrystallization, and grain growth is a result of substantial 
plastic deformation at elevated temperatures. Moreover, in 
metals like aluminium with elevated stacking fault energy, 
dislocation movement and slip occur more effortlessly dur-
ing hot working, thus promoting dynamic recovery [36].

Figure 5 presents the SEM–EDS elemental mapping 
results for TIG and TIG + FSP weldments (1300 rpm) to 

identify the intermetallic precipitates formation and their 
dispersion within the weld metal matrix or grain boundaries. 
SEM results reveal the presence of coarse dendritic grain 
microstructures in the fusion zone for the TIG welded joint 
(Fig. 5a) and a banding pattern emerges from the retreating 
side in the stirred zone [37], and the grain microstructure in 
this banding pattern is very fine for the TIG + FSP welded 
joint (Fig. 5b). Mechanical properties of TIG welds degrade 
due to the presence of coarse dendritic structures, whereas 
those of TIG + FSP welds increase due to the presence of 
fine equiaxed grains [35]. The elemental mapping results 
of the TIG and TIG + FSP welded joints reveal the presence 
of strengthening elements such as Mg, Zn, Cu, and Si along 
with Al. The existence of a considerable Mg, Zn and Cu 
along with Al in both the welded joints confirms the forma-
tion of significant intermetallic precipitates such as MgZn2 
and Al2CuMg . Reyaz and Sinha [7] performed X-ray diffrac-
tion analysis and SEM–EDS analyses for the weld metal in 
FZ and found the similar intermetallic precipitates within 
the FZ of TIG welded dissimilar AA6061-T6/AA7075-T6 
alloys. However, for the TIG + FSP welded joint, the dis-
tribution of alloying elements like Mg, Cu, Zn, and Si ele-
ments were lighter than the TIG welded joint and found to be 
uniformly distributed within the weld matrix and along the 
grain boundaries, as shown in Fig. 5a and b. This elucidates 
that the intermetallic precipitates were fragmented signifi-
cantly in the weld metal after FSP [35, 37]. Thus, it can be 
concluded that post FSP of TIG weld strongly influences the 
microstructural characteristics, including grain structures, 

Fig. 4  Optical micrographs 
at the weld centre for a TIG 
welded joint, and TIG + FSP 
joint at b 900 rpm, c 1100 rpm, 
and d 1300 rpm
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amount of intermetallic precipitates variations and defect 
formations, which may further affect the mechanical proper-
ties of the weldments.

3.2  Tensile strength

The tensile strength of a TIG welded dissimilar AA7075-
T6/AA6061-T6 joint with ER5356 filler was shown to be 

affected by FSP parameters including tool spindle speed. 
Table 5 displays the maximum tensile strength, percent 
elongation, joint efficiency, and fracture position of the TIG 
and TIG + FSP welded joints at different tool spindle speed. 
The joint efficiency [37] was calculated as the ratio of ten-
sile strength of welded joint to the tensile strength of lower 
strength base alloy (in case of dissimilar metal welding). 
The maximum tensile strength, percent elongation, and joint 

Fig. 5  SEM–EDS elemental 
mapping at the weld centre 
for a TIG welded joint, and 
TIG + FSP joint at 1300 rpm

Table 5  Mechanical and wear 
characteristics of the TIG and 
TIG + FSP welded joints

σTS = maximum tensile strength; �pe = maximum percent elongation; ƞJoint = joint efficiency;  EIT = maxi-
mum impact toughness; ΔhWR = maximum wear rate

Specimen Spindle 
speed 
(rpm)

σTS  (MPa) �pe (%) ƞJoint (%) Fracture position EIT (J) ΔhWR (µm)

TIG Joint – 159 8.4 49.07 Fusion zone 9 128
TIG + FSP Joint 900 210 13.1 64.81 HAZ of AA6061-T6 12 98
TIG + FSP Joint 1100 244 15.6 75.30 HAZ of AA6061-T6 15 84
TIG + FSP Joint 1300 278 19.8 85.80 HAZ of AA6061-T6 17 68
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efficiency are the order of 278 MPa, 19.8%, and 85.80%, 
respectively for a tool spindle speed of 1300 rpm, while the 
minimum tensile strength, percent elongation, and joint effi-
ciency are the order of 210 MPa, 13.1%, and 64.81%, respec-
tively for a tool spindle speed of 900 rpm. Tensile strength of 
TIG + FSP joints is shown to improve with increasing spin-
dle speed of the welding process. The flow of material in the 
stir zone (SZ) and the heat generated during the welding pro-
cedure affect the durability and strength of TIG + FSP weld-
ments [38]. To achieve high quality joints, it’s imperative 
to manage the movement of materials, thermal softening, 
heat generation, and material plasticity. The critical elements 
influencing material flow and heat production during the 
FSP method include the spindle speed and traverse speed. 
The traverse speed varies inversely with the heat produced, 
while the tool spindle speed changes proportionally to the 
heat input. An elevated spindle speed can lead to substantial 
frictional heat in the SZ, facilitating sufficient heat produc-
tion and enabling effective tool stirring action for proper 
plastic deformation of the metal. This, in turn, enhances ten-
sile strength [37]. Therefore, when the tool spindle speed is 
raised while keeping the traverse speed constant, the tensile 
strength of the joint is enhanced. It was determined that the 
tool spindle speed had a significant impact on the tensile 
characteristics of the FSW weldments [39]. The stress–strain 
graphs of the TIG + FSP weldments with different tool spin-
dle speed is depicted in Fig. 6. The stress–strain graph for 
TIG weldments were also included for comparison and it 
can be seen that the all the TIG + FSP weldments produced 
a higher tensile strength than the TIG weldments. The joint 
efficiency of TIG welded joint is approximately 49%, while 
the joint efficiency for TIG + FSP weldment is approximately 
85%. The primary factor determining a joint’s characteristics 

is its heat input, which governs the rate at which the weld 
metal cools and impacts the joint’s strength. Porosity, coarse 
grain microstructures, thermal fractures, and dissolving of 
strengthening precipitates in the fusion zone are all prob-
lems often associated with TIG welded joints because of 
the high heat input concentrations required to melt the weld 
metal [7]. In contrast, TIG + FSP welded joints were found 
to exhibit extremely fine grain microstructures at the SZ 
and a disappearance of welding flaws in the FZ, including 
porosities and thermal fractures. Because to dynamic recrys-
tallization (DRX), the SZ displayed a fine-grained, equiaxed 
structure [40]. Significant frictional heat generation and 
plastic strain during friction stir processing cause DRX in 
the SZ. In addition, the intensity of heat input concentration 
is lower in TIG + FSP welding than in TIG welding because 
the weld metal was not melted, resulting in ultrafine grains 
and enhanced tensile properties.

The transverse tensile specimens were fractured in the 
fusion zone (FZ) for the TIG welded joint and in the ther-
mally affected zone (HAZ) for the TIG + FSP joint [37]. In 
contrast, in dissimilar aluminum alloys, the fusion-welded 
joints experienced failure at the FZ site, while friction 
stir-welded joints failed at the HAZ location [41, 42]. In 
addition, the tensile strength and ductility in the TIG and 
TIG + FSP welded joints exhibited a decrease compared 
to the base alloys, as indicated in Table 2 and 5. It was 
observed that these properties tended to improve with the 
precipitation hardening mechanism of the base alloys. The 
thermal properties of the base alloys played a crucial role 
in determining the strength and ductility of welds devoid of 
defects [16, 25]. Due to the localized melting and subsequent 
solidification caused by TIG welding, the diminished joint 
strength compared to the base alloys becomes apparent. Dur-
ing the TIG + FSP welding process, coarse grains formed 
within the grain boundary as a result of fine precipitates 
dissolving. This enhances the tensile strength of the welded 
joints, although it does not extend to the base alloys. The 
tensile properties of TIG and TIG + FSP welding processes 
differ from that of the base alloys due to microstructural 
changes involved in the welding processes.

3.3  Impact toughness

To assess the absorbed energy of TIG joints and TIG + FSP 
joints produced at different tool spindle speeds, impact 
examinations were conducted, and the findings are 
recorded in Table 5. The maximum impact toughness of the 
TIG + FSP joint is the order of 17 J for a tool spindle speed 
of 1300 rpm, while the minimum impact toughness of the 
TIG + FSP joint is the order of 12 J for a tool spindle speed 
of 900 rpm. The Charpy impact energy absorbed by the 
TIG + FSP joints is shown to improve with increasing spin-
dle speed. It can be investigated that as the tool spindle speed 

Fig. 6  Stress–strain graphs of TIG and TIG + FSP weldments at tool 
spindle speeds of 900 rpm, 1100 rpm, and 1300 rpm
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is increased the impact toughness of the joint is increased 
proportionally as can be seen in Fig. 7. Increasing the tool 
spindle speed can lead to increased heat generation due to 
higher frictional forces [18]. This can result in greater plastic 
deformation and better material flow in the stir region. As 
a result, the finer grain structure and improved metallurgi-
cal bonding may enhance the impact toughness of the joint 
[35]. The Charpy impact toughness of TIG weldment is of 
the order of 9 J, while the impact toughness for TIG + FSP 
weldment is of the order of 17 J (at 1300 rpm). The reduced 
impact toughness values in the TIG-welded joints compared 
to the TIG + FSP-welded joint can be attributed to several 
factors. These include the coarsening of grains within the 
fusion zone (FZ) due to the concentrated heat input during 
the fusion process, the dissolution of Guinier–Preston (GP) 
zones as a result of localized heating and melting in the 
FZ, the transformation of strengthening intermetallic pre-
cipitates such as MgZn2 into less strengthening ones like 
Mg2Al3 , Al32Zn49 , and Al2Cu , and the presence of voids 
within the FZ. On the contrary, when it comes to TIG + FSP 
welded joints, applying friction stir processing significantly 

raised the absorbed impact energy, even though both TIG 
and TIG + FSP joints exhibited lower impact toughness com-
pared to the base alloys. FSP induces severe plastic deforma-
tion and dynamic recrystallization (DRX) through thermo-
mechanical action, leading to improved material blending 
and finer microstructures within the stirring zone [36, 37]. In 
addition, FSP can cause uniform dispersion of precipitates, 
fragmentation of precipitates or dissolution of some precipi-
tates across the GBs during DRX, significant strain harden-
ing, and reduced defects such as voids or thermal cracks 
[36]. The combined effects of these factors contribute to 
a stronger microstructure of the processed zone, resulting 
in improved overall mechanical features, including impact 
toughness of the joint.

3.4  Fracture morphology

Figure 7 displays SEM images of fractured surfaces due to 
tension in TIG and TIG + FSP welded connections at vary-
ing tool spindle speeds. To confirm the insights obtained 
from fractography, energy Diffraction Scanning (EDS) 

Fig. 7  SEM images of tensile 
fractured surfaces of a TIG 
joint, and TIG + FSP joints at 
tool spindle speed of b 900 rpm, 
c 1100 rpm, and d 1300 rpm; 
EDS analysis of marked square 
regions of fractured surfaces 
of e TIG joint and f TIG + FSP 
joint (1300 rpm)
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analyses were conducted. In all TIG + FSP welded con-
nections, cracks appeared in the thermally-affected zone 
(HAZ) of the AA6061-T6 side, whereas TIG welded con-
nections exhibited damage in the fusion zone (FZ). The 
relationship between dimple size and weld joint strength 
and ductility is directly correlated. To put it differently, 
finer dimples lead to increased joint strength and ductility, 
while coarser dimples have the opposite effect [43]. On 
fractographic examination of TIG welded joints, a coarser 
dimple with some rough cleavage facets were observed. 
Some macro-voids were also existed within the fractured 
surfaces of the centre of fusion zone resulted in a brittle 
mode of failure (Fig. 7a). In contrast, on fractographic 
examination of TIG + FSP welded joints, all the joints 
displayed a fine and equiaxed dimples with no any voids. 
However, some micro-voids were also existed within the 
fractured surfaces of the thermally affected zone resulted 
in a ductile mode of failure (Figs. 7b–d). One can note 
that, as the tool spindle rises, the tensile fractured surfaces 
exhibit finer dimples, which supports the findings reported 
in Sect. 3.2. Energy diffraction scanning (EDS) examina-
tion of the void region marked as yellow square region, 
reveals the presence of 0.78% Mn, 4.21% H, 3.46% O, 
2.08% Cu, 1.15% Zn, 0.18% Cr, and 0.54% Fe along with 
aluminum (Fig. 7e). The quick rate of cooling related to 
TIG welding leads to void formation in the FZ. During 
TIG welding, hydrogen can get trapped in the molten pool 
attributed to its fast-cooling rate leading to the formation 
of these voids in the FZ. Additionally, the difference in 
hydrogen dissolvability between aluminum alloy’s liq-
uid and solid states is accountable for the formation of 
hydrogen-induced voids [44]. Hydrogen is mainly derived 
from moisture and the moisture was mainly derived from 
the atmosphere, the base metals, the electrodes and the 
filler wire [45]. The moisture may enter into the weld 
pool from the rear of the plate as they were not shielded 
by argon and may cause oxygen inclusions in the weld. 
These voids serve as a stress concentrators and crack ini-
tiation sites, thereby degrading the overall integrity of the 
weld joint and responsible for the brittle fracture in the 
FZ [24]. An examination of the designated red square area 
using EDS analysis reveals the existence of 1.56% Mg, 
3.23% Si, 0.79% Cu, 0.65% Zn, 0.65% Zn, 0.24% Cr and 
0.17% Ti in addition to aluminum (Fig. 7f). The presence 
of notable quantities of Mg and Si serves as confirma-
tion for the development of intermetallic precipitates like 
Mg2Si , indicating their presence on the fracture surfaces of 
AA6061-T6. During FSP these intermetallic precipitates 
provides sufficient strength to the joint due to precipita-
tion hardening mechanism. Therefore, during tensile test 
TIG + FSP joints showed significant necking before failure 
and responsible for the ductile fracture mode in the HAZ 
of AA6061-T6 side.

3.5  Wear rate

Drying slide experiments were performed to determine the 
rate of wear rate in terms of height (in microns) of TIG 
joints and TIG + FSP joints fabricated at different tool spin-
dle speeds. The findings are recorded in Table 5. The maxi-
mum wear rate of the TIG + FSP welded joint is the order of 
110 µm for a tool spindle speed of 900 rpm, while the mini-
mum wear rate of the TIG + FSP joint is the order of 86 µm 
for a tool spindle speed of 1300 rpm. As obvious as it seems, 
as the value of the spindle speed is increased, the magnitude 
of wear rate of the TIG + FSP weldment decreased signifi-
cantly. Consequently, as the tool spindle speed increased, the 
TIG + FSP weldment exhibited enhanced wear resistance. 
The decrease in wear rate value can be credited to significant 
grain refinement and enhanced material mixing within the 
SZ as a result of the ample generation of frictional heat dur-
ing the friction stir processing [46, 47]. In addition, the wear 
rate of TIG welded joint is of the order of 132 µm, while 
the wear rate for TIG + FSP welded joint is of the order of 
86 µm (at 1300 rpm). These findings align with earlier stud-
ies [37, 46].

Figure 8 presents the relationship between the coefficient 
of friction (COF) and the disc rotation speeds in both the 
TIG and TIG + FSP joints at a vertical load of 40 N. As the 
disc rotation speed is increased the coefficient of friction 
(COF) for both the TIG and TIG + FSP joints is decreased. 
Higher disc rotation speeds usually lead to more heat being 
generated. As the temperature increases, the pin and disc 
surfaces can become smoother, reducing roughness and the 
coefficient of friction (COF). Additionally, when the rotation 
speeds increase, the material undergoes increased shear and 
plastic deformation. This can result in smoother surfaces, 

Fig. 8  Variation of coefficient of friction (COF) to disc rotation 
speeds of TIG and TIG + FSP joints
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which can further reduce the COF. Figure 9 displays the 
correlation between the coefficient of friction (COF) and 
the sliding distance in both the TIG and TIG + FSP joints 
under a vertical load of 40 N. It was estimated that the aver-
age COF for TIG joint was 0.44. In contrast, the average 
COF of the TIG + FSP joints was approximately 0.38 at tool 

spindle speed of 900 rpm and 0.35 at tool spindle speed of 
1100 rpm, and 0.32 at spindle speed of 1300 rpm. Higher 
tool rotation speeds can cause the weld material near the 
stir region to soften due to increased heat generation. Softer 
materials have lower COF because they deform easily when 
a load is applied, which decreases the resistance to motion, 
and thereby increasing the wear resistance of the joint. The 
results also demonstrated that the COF for TIG joints varies 
more with sliding distance than for TIG + FSP joints.

Figure 10 displays optical micrographs of the corroded 
surfaces of the TIG and TIG + FSP weldments under a 40 
N vertical load. As depicted in Fig. 10a, the optical micro-
graphs of the eroded surfaces of the TIG-weldment reveal 
superficial and irregular wear tracks attributable to a higher 
COF due to increased attrition from detritus and asperities 
on the hard counter particles. These traits may be traced 
back to the accumulation of loosely bound particles in the 
wear zone around TIG welded joints, which are dislodged 
during the sliding movement [7]. Adhesion wear, in which 
one surface region ploughs and clings to another, was identi-
fied as the dominant wear process. This adhesion is caused 
by the significant heat generated by friction during a dry 
sliding wear test [48]. These characteristics can be attrib-
uted to the dislodging of loosely bonded elements and accu-
mulating in the wear zone as a result of the sliding action. 
In contrast, the eroded detritus observed in the TIG joints 

Fig. 9  Variation of coefficient of friction (COF) to the sliding dis-
tance of TIG and TIG + FSP joints

Fig. 10  OM showing worn-
out surfaces of a TIG joint, 
and TIG + FSP joints at tool 
spindle speed of b 900 rpm, c 
1100 rpm, and d 1300 rpm
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resembled microchips. The formation of these microchips 
most likely resulted from the oxidized coating peeling off 
during the wear examination. The presence of deteriorated 
detritus in TIG + FSP joints is significantly less than in TIG 
joints (Fig. 10b–d). Moreover, as the tool spindle speed 
rises, the uneven marks become smooth and uniform, signi-
fying a higher level of plastic deformation and lower attri-
tion during the wear test [25]. Abrasive wear particles are 
produced when the wear pin comes into contact with the 
disc material during dry sliding wear tests. At higher speeds, 
the abrasive wear particles can be better spread across the 
surface, reducing their impact on creating more scratches 
and decreasing friction and debris formation. Based on the 
observations mentioned, it can be concluded that TIG joints 
typically have more debris in the wear area and show rough 
wear tracks. In contrast, the wear section of TIG + FSP 
joints showed no signs of chipping and instead had smooth 
wear tracks. This indicates that TIG + FSP joints with a tool 
spindle speed of 1300 rpm showed better wear resistance 
than the other weldments. These results align with earlier 
research investigations [37, 49].

4  Conclusions

In this investigation, distinct AA6061-T6 and AA7075-
T6 plates underwent butt-welding through automated TIG 
welding. Subsequently, FSP was applied to the TIG weld-
ments at different tool spindle speeds to enhance the ten-
sile strength, impact toughness, and wear resistance of the 
TIG-welded joints. To confirm the experimental findings, 
optical microscopy (OM), scanning electron microscopy 
(SEM), and energy diffraction scanning (EDS) on both TIG 
and TIG + FSP joints were carried out. The results of this 
research yielded the subsequent noteworthy conclusions:

1. The tensile strength and impact toughness of TIG-
welded joints increased by 74.84% and 88.89%, respec-
tively, after FSP treatment, while the wear rate decreased 
by 46.87% at a tool spindle speed of 1300 rpm. The 
joint strength and wear resistance were improved with 
increased spindle speeds, since they provide adequate 
frictional heat and plastic deformation across the SZ 
resulted in an improved material flow.

2. Microstructural analysis revealed that the TIG joint 
exhibited a dendritic grain morphology at the FZ cen-
tre, with an average grain size of 24.68 µm, while the 
TIG + FSP joint at 1300 rpm exhibited a of fine equiaxed 
grains, with an average grain size of 4.17 µm. Thus, 
TIG + FSP welding process resulted in improved joint 
properties due to ultrafine grains with fine equiaxed 
grains.

3. The TIG + FSP joint had a maximum tensile strength of 
278 MPa, an impact toughness of 17 J, and a minimum 
wear rate of 86 µm at a tool spindle speed of 1300 rpm. 
In comparison, the TIG welded joint with filler ER5356 
only had a maximum strength of 159 MPa, an impact 
toughness of 9 J, and a minimum wear rate of 132 µm.

4. The tensile fractured surface of TIG joints was featured 
by rough cleavage facets, coarse dimples with reason-
able voids, resulting in a brittle fracture behaviour. How-
ever, the TIG + FSP joints exhibited the fine equiaxed 
dimples fractured surface with no voids, leading to a 
ductile fracture behaviour.

5. The worn-out surfaces of TIG joints was featured by 
rough wear tracks with larger debris voids resulted in a 
higher coefficient of friction. However, the TIG + FSP 
joints exhibited the uniform and smooth wear tracks 
with smaller debris resulted in a lower coefficient of 
friction and responsible for improved wear resistance.
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