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Abstract
AA6061-T6 and AA7075-T6 aluminium metals are broadly used in structural and aerospace sectors due to their exceptional
features, but fusion welding causes thermal cracks, high residual stresses, and coarse grains, weakening joints. To solve these
issues, pulsed tungsten inert gas (P-TIG) welding was used to improve the grain structure and mechanical features of the
dissimilar joints. In this investigation, four peak currents (110, 120, 165, and 175 A) and four pulse frequencies (4, 8, 12,
and 16 Hz) with constant base current, pulse on time, and argon flow rate were utilized, and the microstructural features
were investigated and correlated with the joint’s mechanical properties. The welded sample P4 developed a void-free joint
with the maximum tensile strength (~ 201 MPa), elongation (~ 17%), microhardness (~ 101 HV), and compressive residual
stresses (~ 76 MPa) compared to other welded samples. Microstructural evolutions revealed that, as the pulse current and
frequencies increased, the grain refinement and grain boundary transformations across the FZ became more pronounced,
and the segregation of alloying elements was lower. Specifically, for welded samples P4, the average grain size decreased to
21 μm, and the grain boundary transformations reached 73.32%. Moreover, the orientation density value of the welded joints
was much lower than that of the base metals, suggesting that the texture was greatly reduced after welding, which further
reduced the anisotropy of the mechanical properties.
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1 Introduction

The use of dissimilar metal joints is on the rise in industries
including the automotive, electronics, and energy sectors.
Heat-treated aluminium alloyAA6061-T6 is commonly used
for bridge girders, military trucks, road storage contain-
ers, and rail transport systems due to its superb weldability,
superior corrosion resistance, and high strength properties.
Mg and Si are the primary alloying elements of 6061-
T6 aluminium alloy, and they contribute to its strength
via precipitation hardening [1, 2]. Cast Al–Zn–Mg alloy
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AA7075-T6 is broadly utilized in the vehicle and aviation
sectors due to its high strength, low quenching sensibility,
broad range of usable solution heat treatment conditions, and
rapid natural ageing capabilities [3]. Hot cracking is a com-
mon problem in almost all aluminium alloys that may be
heat treated. Hot cracking in the weld and coarse columnar
grains, caused by the dominant temperature conditions dur-
ing weld metal solidification, is the primary issues with the
fusion welding of these alloys [4]. Welds may have signifi-
cantly diminished mechanical characteristics if they include
coarse grains and fractures [5, 6]. Due to the elevated tem-
peratures and heat gradients in welded joints compared to
cast metal, as well as the epitaxial character of the growth
process, it is especially important to control the solidifica-
tion structure in welded joints. Refining the grain structures
in the fusion zone may help regulate solidification cracking.
Solidification cracking is more common in coarse colum-
nar grains than in fine equiaxed grains. It is possible that
this is because grains with fine equiaxed are more capable
of deforming to meet contraction strains [7]. So, numerous
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researchers have offered several strategies for improving the
quality of refined grains [8–10], which rely on regulating the
cooling of themoltenmetal puddle. Such approaches involve
nucleation facilitated by an incubator [11, 12], interlayer cold
working [13], weld arc oscillation, and alternative techniques
for agitating the molten metal pool [14, 15], as well as pulse
welding current [8–13]. All of thesemethods of external melt
processing work on the same principle: They eliminate the
need for a grain refiner in order to get around the restrictions
placed on grain refining by the constitutional undercooling
mechanism.

Pulsed tungsten inert gas (P-TIG) welding is a modified
version of tungsten inert gas (TIG) welding. It was devel-
oped in the 1950s and involves cycling the welding current
between high and low levels at a predetermined frequency
[6, 16]. The peak current is frequently adjusted to achieve
sufficient penetrability and profile of the bead, while the
minimum current is usually set to maintain a stable arc. Sim-
ilar to conventional constant current welding, this technique
reduces heat loss through conduction into the neighbouring
parent material and effectively utilizes arc energy to fuse a
specific area within a short period. As a result, the weld is
formed by a sequence of overlapping fragments. Because the
base material is heated briefly during peak current pulses, the
thermally affected zone is smaller compared to continuous
current welding. This method not only improves the qual-
ity of the weld, but also guarantees the arc’s stability [17,
18]. Pulsed current is also superior to other methods of grain
refinement since it does not need the purchase of any extra
equipment.

Extensive study has shown this approach to reduce dis-
tortion, residual stresses, and heat input while improving
bead shape, heat sink variation tolerance, and heat input
efficiency [16]. Pulsed current welding has several metal-
lurgical advantages, including, but not limited to, improved
grain size and substructure in the fusion zone, reduced HAZ
width, and segregation control [6, 19]. These factors will
aid in the improvement of mechanical characteristics. Sev-
eral studies have employed current pulsing to improve the
mechanical characteristics ofwelds and refine the grain struc-
ture of the fusion zones. Yuan et al. [6] investigated how
the frequency of the pulsating current, used in plasma arc
welding of the titanium plates, and affected the fineness of
the grains formed after solidification.Dendrite fragmentation
was shown to be the predominantmechanism for grain refine-
ment in the joint, and the amount of grain refinement could be
improved by increasing the pulsed current frequency. Kumar
et al. [16] observed that manipulating the peak current and
pulse frequency in the fusion area of TIG joints of AA6061
alloys had a notable effect on the refinement of grains. This
refinement subsequently led to an increase in the tensile
strength and percent elongation of the welds. Kumar and

Sundarrajan [20] studied the influence of pulse TIG weld-
ing parameters on the microstructure, notch tensile strength,
and impact toughness of Al–Mg–Si alloy joints. Their find-
ings revealed that the manipulation of peak current, base
current, and pulse frequency led to the development of a
refined equiaxed grain structure. A negative correlation has
been established between the tensile strength of the notch and
the impact toughness.Babu et al. [21] found that using current
pulses resulted in a slight improvement in the quality of pre-
vious grains. This led to enhanced mechanical features such
as microhardness, tensile strength, and ductility in TIG joints
of Ti6Al4V in their original state. Yang et al. [22] discovered
that the welding arc pressure produced by the pulse current
could enhance grain nucleation and refine grains during high-
intensity pulsed arc welding of Ti6Al4V. Yelamasetti and
Rajyalakshmi [23] investigated the microstructural, mechan-
ical, and residual stress behaviour of P-TIG welded joints of
dissimilar AISI 316 and Monel 400 metals. They utilized
non-pulse, pulse, and interpulse current during welding and
observed an enhanced tensile and hardness properties with
lower residual stresses for interpulse current followed by sig-
nificant refinement of grains and lower thermally affected
region. To investigate the metallurgical behaviour, Dev et al.
[24] created distinct weld joints between Inconel and steel
materials using P-TIG welding. They deduced that pulse
current frequencies resulted in less segregation of alloying
compositional elements and fine grain particles. In another
study involving the P-TIG welding of dissimilar C-276 and
Monel 400materials, it was determined that there is less filler
material fragmentation and a smaller partially molten zone,
resulting in enhanced joint characteristics [25]. To examine
the influence of pulse current on bead and thermal profiles,
Reddy et al. [26] designed pulse TIG aluminium welding
junctions. This welding process resulted in grain refinement
and enhanced tensile strength characteristics. Balram et al.
[27] welded same and distinct aluminium plates using TIG
welding with both pulse and constant current modes. Both
modes ofweldingwere shown to generate compressive resid-
ual stresses at the centre of weld cross-section. However, the
residual stresses created by the pulsed mode were smaller
because there was less heat concentrated in the fusion region.

The aforementioned studies have shown that the peak cur-
rent and pulse frequency of P-TIG parameters play a vital
role in grain refinement and have proposed ideas for further
investigation in this field. Pulsed tungsten inert gas welding
is not often discussed for grain refinement in heat-treatable
aluminium alloys, despite its effectiveness in producing
improved weld microstructures on various metals. In addi-
tion, no systematic analysis of the effect of P-TIG parameters
on the microstructure, mechanical, and residual stress char-
acteristics of dissimilar AA6061-T6/AA7075-T6 aluminium
joints has been performed.
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To address this gap, the present study aimed to investigate
the effect of P-TIG welding parameters, namely, peak cur-
rent and pulse frequency on the microstructural evolution,
mechanical features (such as tensile strength and microhard-
ness), and residual stress of joints. The quality assessment of
P-TIG joints involved the utilization of various analytical
techniques, including optical microscopy, scanning elec-
tron microscopy (SEM), energy diffraction scanning (EDS),
and X-ray diffraction (XRD). Using electron backscattered
diffraction (EBSD), a comprehensive crystallographic tex-
ture investigation, including inverse pole figures, grain size
distributions, misorientation angle distribution, and orienta-
tion distribution functions, has been conducted. Utilizing
high-resolution X-ray diffraction (HRXRD), the residual
stress distributions across the weld cross-section were inves-
tigated. In-depth tensile fractographic examinations were
also conducted using SEM and spectroscopy. The study’s
results are thoroughly examined and analysed in relation to
relevant scholarly articles in the subsequent sections.

2 Materials andMethods

In this investigation, 150 × 50 × 6 mm3 distinct AA6061-
T6/AA7075-T6 plates were utilized as a base alloy and
ER5356 [28, 29] as a filler wire with a diameter of 2.4 mm.
Note that the T-6 temper in the aerospace industry corre-
sponds to solution treatment for 1 h at 470 degrees Celsius,
water quenching, and artificial ageing for 24 h at 120 degrees
Celsius [30]. Table 1 shows the EDS-determined elemental
compositions (in wt.%) of base alloys and filler wire metals.
Experiments were conducted to determine the mechanical
and residual stress characteristics of the base alloys, and the
results are listed in Table 1.

Dissimilar butt joints were fabricated via an automated P-
TIG welding power source (KEMPPI MasterTig 335 ACDC
G) as shown in Fig. 1a. As shown in Fig. 1b, a 90-degree
V-groove with a root spacing of 1.5 mm and a root face of
1.6 mm was configured for joining the two alloys (Table 2).
Double pass welding was performed using a numeric control
(NC) wire feed unit and robotic arm, as per the operating
parameters mentioned in Table 3. Trial experiments and lit-
erature study determined welding process parameters and
their ranges. Peak current, base current, pulse frequency, and
pulse on time are frequently addressed for managing quality
in P-TIGwelding [16]. Peak currents below 110-A limit pen-
etration and fusion. Peak current above 175 A causes weld
bead undercut and spatter. Arc length is short if base current
is less than 75A,making fillermetal installation problematic.
The base current reaches 75 A as arc length grows, creating
arc wandering. If pulse frequency was less than 4 Hz, beads
resembled continuous current weld beads. Pulse frequency
increases arc glare and splatter. Weld nugget formation is

less smooth when the pulse on time is less than 40% because
the filler metal is not completely melted. At pulse times over
60%, filler metal and tungsten electrode melt too much. All
welding runs employed A.C. polarity, 75-A base current, and
50% pulse on time. The torch angle was set as 90-degree,
arc gap was 2.5 mm, pulse duration during peak stage was
1.8 ms, and pulse duration during base stage was 1.3 ms.
The arc voltage was in the range of 14–17 V, and welding
speed was 1.3 mm/s. Before welding, every plate underwent
cleaning using acetone and a wire brush to eliminate oxide
and other impurities. Clamp both plates firmly on a 200 mm
× 200 mm mild steel base plate after cleaning. Plates were
clamped and fastened to reduce welding warping. A 12-mm
wide, 1.5-mm deep groove was carved in the backing plate’s
middle. Reduce joint origin cooling by cutting the groove to
enhance penetration. The shield gas was 99.99% argon and
the electrode 3.2-mm tungsten. Plates cooled to room tem-
perature after welding. The amount of heat input generated
during the pulse TIG welding was determined using Eq. (1)
[31, 32].

QPTIG � ηarc × V × Imean

WS
(1)

where QPTIG � heat input (J/mm), V � arc voltage (volt),
WS � welding speed (mm/s), ηarc � arc efficiency � 60%
[33], and Imean � mean current determined by the following
Eq. (2).

Imean � Ip × Tp + Ib × Tb
Tp + Tb

(2)

Ip and Ib are peak and base currents, while Tp and Tb are
their corresponding pulse durations.

Wire electric discharge machining (WEDM) was
employed to cut out the weld zone metallographic sam-
ples. The base alloys and welded samples were thoroughly
ground and polished using 220–2200 grit abrasive sandpa-
per. Next, they were polished with 0.5-μm diamond paste
and etched with Keller’s reagent for 15 s to create a mirror
finish. However, to acquire proper metallographic results for
the base metal AA6061-T6, the etched surface of this alloy
was treatedwith a cotton swabdipped in a solution containing
equal amounts of HF, HNO3, and methanol. Stereo micro-
scope (Olympus-SC30, India) and SEM (Zeiss SUPRA40)
with EDS setup were used to evaluate well-polished joints
and element distribution. EBSD analysis required electropol-
ishing the exposed surface of welded samples in an 80:20
methanol/perchloric acid solution at 15 V for 20 s at − 5 °C.
A SEM (Make: Quanta 3D FEG) was used to EBSD scan
multiple welded samples’WMs. TSLOIM analysis software
8.0 was used to analyse scanned pictures with a step size of
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Table 1 Base metals and filler metal elemental composition (weight %) obtained by EDS analysis

Material Cu Zn Mg Mn Cr Ti Fe Si Al

AA7075-T6 1.17 5.20 2.22 0.03 0.34 0.03 0.38 0.43 Balance

AA6061-T6 0.17 0.026 0.89 0.08 0.17 0.16 0.29 0.65 Balance

ER5356 0.014 0.05 4.9 0.16 0.10 0.07 0.15 0.04 Balance

Fig. 1 a Experimental setup of an automated pulse TIG welding process, b V-groove details, and c tensile sample with proper dimensions

Table 2 Mechanical and residual
stress properties of the base
metals found experimentally

Metal Average yield
strength
(MPa)

Average
tensile
strength
(MPa)

Average
percent
elongation
(%)

Average Vickers
microhardness
(HV)

Average
residual
stress
(MPa)

AA7075-T6 410 ± 4.10 487 ± 7.22 12.6 ± 3.44 151 ± 1.68 − 33 ±
1.34

AA6061-T6 245 ± 2.38 288 ± 1.87 22.5 ± 5.14 110 ± 3.24 − 45 ±
2.17

0.2 μm. Phase analysis using Empyrean, Malvern PANalyt-
ical diffractometer XRD. The CuKα radiation was used to
obtainXRDdatawith λ � 1.5418Å and 2θ ranges of 10–90°.

Tensile, microhardness, and residual stress tests were con-
ducted to examine the joint performance of dissimilar P-TIG
welding. WEDM was utilized to cut transverse tensile sam-
ples in accordance with ASTM E8-M04, whose dimensional
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Table 3 Pulsed TIG welding
process variables Sample Peak

current
(A)

Base
current
(A)

Pulse
frequency
(Hz)

Wire feed
rate
(m/min)

Heat input
(kJ/mm)

Argon flow
rate
(l/min)

P1 110 75 4 1.2 0.61 20

P2 120 8 1.4 0.70

P3 165 12 2.0 0.94

P4 175 16 2.4 1.04

Table 4 Measuring parameters of the portable residual stress analyser

Apparatus μ-X360n full 2D portable X-ray
residual stress tester

XRT radiation Cr-Kα

XRT voltage 20 kV

Measuring method Single-incident angle method

Exposure time 30 s

Emission surface Fe(α) (211)

XRT amperage 1 mA

X-ray incident angle 45°

Collimator spot size diameter φ 1 mm

characteristics are shown in Fig. 1c. Tensile tests were per-
formed at room temperature on a Zwick/Roell Z250 model
UTM with a capacity of 250 kN at a cross-head speed of
1 mm/min. Using a Vickers hardness analyser (UHL-002)
calibrated to the ASTME384-11 standard, microhardness
tests were conducted from the centre of the weld cross-
section to a highly polished surface. Throughout the testing
procedure, a 100-gf load was administered for 15 s. The
standard Cosα method was utilized to measure the residual
stresses from the centre of the weld cross-section to the sur-
face that had been mirror polished. More information about
this method can be found in the works of the literature [34,
35]. Table 4 displays the measurable characteristics of the
portable residual stress setup having an X-ray tube (XRT)
as an essential component which incident the X-rays to the
mirror finished surface of the joint.

3 Results and Discussion

3.1 Weld Bead Appearance

Weld bead appearance is a crucial aspect of determining the
success of welding, especially when working with dissimi-
lar aluminium alloys. Figure 2 exhibits the optical images of
weld bead surface (top and bottom side) of the welded sam-
ples at different process factors. Awell-executedweld should

have a smooth and uniform appearance without any obvi-
ous defects such as cracks, porosity, or incomplete fusion.
The automated welding process removes human error and
keeps the arc gap constant, resulting in weld beads that
are both crack-free and consistent when examined visually
(Fig. 2a–d). The existence of uniform ripples with negligible
spatter for all the joints ensures that the developed fixture
serves the purpose. However, lack of fusion is observed in
the bottom part of the bead near the joint line as marked
by red area in Fig. 2a is due to incomplete mixing of base
metals with filler metal. Whereas significant penetrations are
observed on bottom view of the weld bead as shown from
Fig. 2c and d, are due to increased weld thermal energy
input. The shape and size of the weld bead had an impact
on the mechanical properties of joints. ImageJ software indi-
cates that the average values for weld width, penetration
depth, and reinforcement liewithin the approximate ranges of
10.1–13.8 mm, 3.1–6.5 mm, and 2.6–3.8 mm, correspond-
ingly. An increased peak current and pulse frequency may
result in increase in the width and depth of the welded seam.
When thewire feed rate enhanced, the active area of the arc on
the anode plate expanded, causing the anode spot to increase
and the plasma flow speed at the arc centre to decrease. As
a result, the radius of force distribution also became larger.
Increasing the current causes, the plasma flow force distribu-
tion radius and peak pressure to rise, while keeping the arc
length constant [36]. The arc force increases the penetration
depth and breadth of the weld. These findings demonstrate
that pulsing current frequency has a significant impact on the
bead appearance of the weld, and these results are consistent
with earlier findings [36, 37].

3.2 Microstructural Evolution

Figure 3 shows the SEM microstructures of the base alloys
AA6061-T6 and AA7075-T6, respectively. AA6061-T6 is
characterized by coaxial grains, while AA7075-T6 displays
elongated grains aligned in the rolling direction, as depicted
in Fig. 3a and c. Black and white inclusion particles can be
seen for both the base metals within the grains and at the
grain boundaries, which are accountable for the intermetal-
lic phase evolutions. XRD results exclusively displaying the
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Fig. 2 Optical images showing top and bottom side appearance of P-TIG welded samples a P1 (110 A, 4 Hz), b P2 (120 A, 8 Hz), c P3 (165 A,
12 Hz), and P4 (175 A, 16 Hz)

presence of theMg2Si phase for AA6061-T6 andMgZn2 and
Al2CuMg isomorphous phases forAA7075-T6 alloy (Fig. 3b
and d). It should be emphasized that Al2Cu phase is not
appeared in the XRD pattern for the base metal AA6061-
T6, since the amount of this phase was too small [38].
The heat-treatable aluminium alloys gain strength by these
intermetallics as a result of the precipitation hardening phe-
nomenon [39].

When dissimilar metals are fusion welded with an exter-
nal filler metal, a heterogeneous morphology of the joint is
evolved due to the different solidification nature of the filler
wire and dissimilar metals. Figure 4 illustrates the varying
microstructural characteristics observed in various regions
of the P-TIG welded sample P1 (110 A, 4 Hz). Figure 4a
shows amacroscopic view of the welded cross-section, high-
lighting the various zones of the joint. Figure 4b–d shows
the microstructures for the regions identified in Fig. 4a. The
dendritic solidifying morphology with significant voids is
observed on both the top and bottom sides of the fusion zone
(FZ) (Fig. 4b and c). The region adjacent to FZ in the direc-
tion of the base alloy is the partially molten zone (PMZ),
which is a solid–liquid interface zone close to the fusion
line that contains a directional columnar structure along the
direction of heat dispersion [40]. The PMZ of AA7075-T6
side clearly exhibits typically columnar grain structures with
incipient melting at grain boundaries (see Fig. 4d) due to

the broad freezing temperature values of the base AA7075-
T6 alloy [41]. However, the PMZ of AA6061-T6 side, the
semi-molten surface of the grains is heated, non-spontaneous
nuclei stick to the surface and grow towards the centre of the
weld as columnar crystals, creating alternating crystallisa-
tion (see Fig. 4e) [36]. The area adjacent to PMZ towards
the base alloy is the thermally affected zone (HAZ), whose
grain structure is similar to corresponding base alloys and this
experienced elevated temperatures (below the melting point)
and formed a coarse grain affected by theweld thermal cycles
[42]. The formation of voids in the welded samples P1 is due
to the rapid cooling rate due to low heat inputs across the
molten pool. For low heat inputs, the size of the weld molten
pool is smaller, and the thermally affected area is smaller,
resulting in a fast solidification of the weld pool and less
time for hydrogen and oxygen gases to coalesce and escape.
Thus, hydrogen was confined in the molten pool, leading to
the formation of these voids in the FZ and compromising the
weld joint’s overall integrity. Moisture originated primarily
from the atmosphere, the base alloys, the electrodes, and the
filler wire [38].

The microstructure corresponding to the welded sample
P4 (175 A, 16 Hz) is presented in Fig. 5. The intricate
microstructures seen at the different regions indicated in
Fig. 5a are depicted in Fig. 5b–e. At the FZ, the observed
dendritic structure is significantly finer (Fig. 5b and c), and
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Fig. 3 SEM micrographs and XRD peaks of the base metals: a, b AA6061-T6 and c, d AA7075-T6

the area of the PMZ is decreased significantly as compared to
thewelded sample P1 (see Fig. 5d and e). In addition, the area
of the PMZon both sides near theAA6061 side is lesser com-
pared to AA7075 side. The increased thermal conductivity of
AA6061-T6 results in a faster solidification [43], thereby lim-
iting grain growth and generating a smaller surface area. The
SEMmicrostructure depicted in Fig. 6a is clearly discernible
a refined grain microstructure across the fusion zone for the
welded sample P4. Figure 6b shows an enlarged SEM pho-
tograph of the yellow square marked in Fig. 6a. It provides a
clear and comprehensive description of the characteristics of
FZ and reveals a refined grain morphology with uniform dis-
persion of intermetallic phases. An intense pulse currents and
frequencies resulted in controlled thermal cycles across the
FZ and the dendritic structure of the welded sample were dis-
integrated, resulting in a refined microstructure used during
welding, which aligns with Senthil’s conclusions [16]. Addi-
tionally, spot EDS analysis (Fig. 6c and d) conducted on the

white particles shows the existence of significant Cu, Zn, and
MgalongwithAl,which confirms the presence of intermetal-
lic phases viz. MgZn2 and Al2CuMg were formed within the
FZ during the welding process. The presence of these inter-
metallic phases indicates that the filler metal (ER5356) was
evenly distributed in the FZ because they have similar chem-
ical properties to AA7075 and contain significant amounts
of Mg. The grain boundary melting and segregation are also
observed to be low in the FZ for the welded sample P4, as
shown in Fig. 6b, which are responsible for the improved
mechanical properties of the joint [16, 24].

Figure 7 presents the XRD analysis findings for all the
welded samples, illustrating the observed changes in phases
within the weldmetal of the joint. Similar to the AA7075-T6,
the FZ still contained of MgZn2 and Al2CuMg phases along
with aluminium (Al). No additional intermetallic precipi-
tates were observed in the XRD plot, indicating their thermal
stability of MgZn2 and Al2CuMg phases. As depicted in
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Fig. 4 aMacrograph of the dissimilar P-TIG welded sample P1 (110 A, 4 Hz), the optical images depicting microstructural changes across a weld’s
cross-section at b FZ (top), c FZ (bottom), d HAZ/FZ interface (AA7075-T6 side), and e FZ/HAZ interface (AA6061-T6 side)

Figs. 3d and 7, the phase composition differed between the
AA7075-T6 alloy and FZs due to a significant decrease in
peak intensity ratios between the MgZn2 phase and the Al
phase. Significantly lessAl2CuMgwas present in the FZ than
in the base metal AA7075-T6. In addition, the peak inten-
sity in FZ varies considerably with peak current and pulse

frequency due to grain size, texture, grain migration, and
sub-grain boundary movement during welding [44]. Rais-
ing the peak current from 110 to 175 A and peak frequency
from 4 to 16 Hz, resulting in a notable decrease in peak
intensities in the FZ as depicted in Fig. 7. The presence of
relatively lower peak intensities for increased peak current
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Fig. 5 aMacrograph of the dissimilar P-TIG welded sample P1 (110 A, 4 Hz), the optical images depicting microstructural changes across a weld’s
cross-section at b FZ (top), c FZ (bottom), d HAZ/FZ interface (AA7075-T6 side), and e FZ/HAZ interface (AA6061-T6 side)

and pulse frequency indicates that the intermetallic MgZn2
and Al2CuMg precipitates were segregated at low levels,
and most of them were fragmented resulting in improved
mechanical properties [23].

Figure 8 represents the IPF (inverse pole figure) maps
with colour-coded scale, grain size (GS) distribution, and

grain boundary MAs distribution across the FZ centre for
P1 (110 A, 4 Hz) and P4 (175 A, 16 Hz) welded samples.
The different colours in IPF maps represent crystallographic
orientations of the various grains as displayed in Fig. 8a and
d. An equiaxed and dendritic grains were observed across
the FZ centre of P1 and P4 welded samples. According
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Fig. 6 a SEM images showing microstructures of FZ for pulsed TIG
welded sample P4 (175 A, 16 Hz); b magnified view of FZ showing
different intermetallic phases; energy diffraction scanning results of

white particles in c red square region marked in b, and d green square
region marked in b

Fig. 7 XRD plots of P-TIG
welded samples showing
different peaks at different pulse
currents and frequencies
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Fig. 8 EBSD micrographs showing IPF map (including colour-coded scale), GS distribution and MAs distribution at the FZ centre of a–c P1 (110
A, 4 Hz) and d–f P4 (175 A,16 Hz)
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to the statistical results, the average grain size (AGS) for
the welded sample P1 is 30.56 ± 8.13 μm, while AGS is
21.12 ± 5.24 μm for the welded sample P4 joint as shown
in Fig. 8b and e. It can be addressed that the welded sam-
ples P4 at peak current 175 A with 16-Hz pulse frequency
exhibited relatively fine grain structures compared to P1
welded sample having peak current 110 A with 4-Hz fre-
quency. The pulse current frequency raised the frequency
of the weld pool’s continuous heating. This behaviour pro-
moted dendritic remelting and detachment, leading to grain
refining. The pulse current also boosted molten metal flow,
enabling liquid metal to enter the pasting zone at elevated
temperatures. Local heating in the pasting zone remelted
and detached dendrites. Due of the electromigration effect,
the pulsed electric current generated non-uniform Joule heat,
leading to a significant current density at the tip of the den-
drite. This raised temperature, allowing dendritic remelting
and separation. Pulse current increased molten pool flow,
transferring dendritic fragments to the whole pool and refin-
ing grain in the weld zone [6].

It was found in the literature that recrystallization is the
main cause of the formation of new grains in the FZ during
fusion welding of aluminium alloys [38, 45]. In the recrys-
tallization process, the low-angle grain boundaries (LAGBs)
of the base alloys keep moving and changing into high-angle
grain boundaries (HAGBs) in the fusion region. This happens
because sub-grains join together, making new recrystallized
grains. The orientationmaps (Fig. 8a and d) displayed colour-
coded LAGBs with an average misorientation ranging from
2° to 15° and HAGBs with a misorientation exceeding 15°.
For the welded sample P1, the proportion of HAGBs was
60.02%, while for the welded sample P4, the proportion of
HAGBswas 73.32% as depicted in Fig. 8c and f. As the pulse
current and pulse frequency are increased, the grain boundary
transformationsweremorepronounced in theFZ.As thepeak
current and pulse frequency increased, a decrease in the AGS
of the FZ, an increase in HAGBs, and a decrease in LAGBs
were observed, indicating that the grain refinement and trans-
formations are more favourable for the welded sample P4.
The distribution of boundary MAs is primarily influenced
by the heating and cooling cycles occurring during welding,
specifically the maximum temperature achieved [45]. The
weld sample P4with a high peak current and pulse frequency
causes a significant peak temperature increase in the FZ and
a sharp temperature gradient across the grain boundaries.
Enhanced diffusion at high peak temperatures can expedite
the migration and metamorphosis of grain boundaries. This
may result in a more significant transition from LAGBs to
HAGBs. However, the welded sample P1 with no pulsing
exhibited relatively coarser grains and lower HAGBs in the
FZ, which may have detrimental consequences on the joint’s
mechanical characteristics. When a material is exposed to
an external tensile force, dislocations tend to move more

slowly when there is a large concentration of HAGBs and
fine grains. This causes dislocations to accumulate near the
grain boundaries. Joint strength and ductility are improved as
a consequence of the greater resistance to deformation under
external tensile stress [46]. The transformations of LAGBs
into HAGBs after welding have also been reported by many
other researchers [46–48].

Texture strengthening occurs when a material’s mechani-
cal properties improve as a result of a significant change in its
texture. Mechanical characteristics of welds are affected by
their anisotropy, which may be assessed using texture analy-
sis [46]. The texture formation is often associatedwith plastic
deformation; however, achieving awell-defined texture in the
cast structures of the welded joints can be challenging due
to various factors, including the cooling rates and significant
recrystallization associated with the fusion welding process
[45]. In the present study, the degree of texture density varia-
tions in the base metals and welded joints (P1 and P4) across
the centre of the FZ regions was analysed using the orien-
tation distribution pole functions (ODFs). In Fig. 9a and b,
the base metal AA6061-T6 had a maximum orientation den-
sity value of approximately 14.4, whereas the base metal
AA7075-T6 had a maximum orientation density value of
around 19.2. The welded sample P4 had only the highest ori-
entation density value of approximately 6.7,while thewelded
sample P1 had a value of around 3.8, as depicted in Fig. 9c
and d. The orientation density value of the welded joints
was much lower than that of the base metals, suggesting that
the texture was greatly reduced after welding [38, 49]. The
variations in the texture orientation density value of the base
metals and fusion zone resulted from distinct solidification
behaviour. The base aluminium alloy was created through
casting with a metal mould, and the molten material solidi-
fied in a specific direction to create the texture. The texture in
the joints varies due to the different solidification processes
in the weld molten pools and casting moulds. Reducing the
texture can reduce the anisotropy of the mechanical proper-
ties [38].

3.3 Mechanical Properties

Table 5 provides a summary of the physical features of the
P-TIG welded joints, such as ultimate tensile strength, per-
cent elongation, joint efficiency, microhardness, and fracture
position. The joint efficiency was calculated by dividing
the ultimate tensile strength of the weld joint by the ulti-
mate tensile strength of the base AA6061-T6 alloy [50].
Figure 10a depicts the engineering stress–strain curves for
pulse TIG samples subjected to varying peak currents and
pulse frequencies. The engineering stress–strain curves for
base AA6061-T6 and AA7075-T6 alloys are also provided
for the purpose of comparison. Base alloys are stronger and
tougher than welded samples because of their fine casting
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Fig. 9 ODFs of the base metals and welded joints: a BM AA6061-T6, b BM AA7075-T6, c welded joint P1 (110 A, 4 Hz), and d welded joint P4
(175 A, 16 Hz)

Table 5 The mechanical characteristics of the pulsed TIG welded joints

Sample Peak
current
(A)

Pulse
frequency
(Hz)

Ultimate tensile
strength
(MPa)

Percent e
elongation
(%)

Joint efficiency
(%)

Vickers
microhardness
(HV)

Fracture
position

P1 110 4 138 ± 1.25 5.2 ± 0.39 47.92 ± 0.67 79 ± 0.94 FZ

P2 120 8 146 ± 0.76 6.9 ± 2.24 50.69 ± 0.41 87 ± 2.10 FZ

P3 165 12 181 ± 1.95 10.6 ± 0.87 62.85 ± 1.04 95 ± 1.32 HAZ of
AA6061-T6

P4 175 16 201 ± 2.17 16.8 ± 0.76 69.79 ± 1.16 101 ± 3.27 HAZ of
AA6061-T6

structures and the presence of strengthening precipitates such
as Mg2Si, MgZn2, and Al2CuMg [51].

The maximum ultimate tensile strength, percent elon-
gation, and joint efficiency were approximately 201 MPa,
16.8%, and 69.79%, respectively, for welded sample P4,
while welded sample P1 exhibited the ultimate tensile
strength, percent elongation, and joint efficiency of 138MPa,

5.9%, and 47.92%, respectively. The P1 joint had the lowest
ultimate tensile strength, percent elongation, and joint effi-
ciency compared to the other joints, which may be due to
the shallower penetration of the weld and the development
of voids in the FZ. Typically, the shield gas protects only
the surface of the liquid metal puddle, while the back of the
sample is not shielded. Consequently, air readily penetrates
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Fig. 10 a Tensile stress–strain curves of the P-TIG welded samples and b the fractured position of the welded samples at various peak currents and
pulse frequencies

the liquid metal puddle, resulting in the formation of voids in
the weld joints [52]. Lee [53] established a power–law rela-
tionship between AZ91 alloy tensile strength and vacancies.
They found that voids considerably reduced both the ulti-
mate tensile strength and percent elongation of the welded
joints. The welded joint P4 exhibited the highest ultimate
tensile strength and percent elongation compared with the
other joints. Increased heat input resulted in relatively low
cooling rates and prevented the molten pool from rapidly
solidifying. Consequently, air has sufficient time to evacu-
ate the molten pool, and the voids decrease. Additionally,
in the welded joint P4, the secondary phases or precipitate-
like phases were disseminated more evenly in the FZ (see
Fig. 6b). Also, the AGS in the FZ (21.12 ± 5.24 μm) of
the welded joint P4 is smaller than that in the FZ (30.56 ±
8.13 μm) of P1 (see Fig. 8b and e). Pulsed current welding
enhances the weld’s strength by refining the grains and facil-
itating the uniform distribution of the intermetallic phases,
which are effectively governed by the Mg, Zn, and Cu that
accumulate in the weld matrix. In addition, the grain refine-
ment and distribution of intermetallics in the fusion region
were relatively lower for the welded sample P3 than for the
welded sample P4. Thus, the effect of these elements on the
solid solution precipitate hardening of the welded sample P3
was less than that of the welded sample P4. Based on the
aforementioned discussions, it is possible to conclude that
the welded sample P4 is stronger than the welded sample
P3. Figure 10b demonstrates that weld samples P1 and P2
fractured at the FZ, whereas samples P3 and P4 fractured at

the HAZ of AA6061-T6, rather than at the FZ. This demon-
strated that the welded samples P3 and P4 were stronger in
the FZ than the welded samples P1 and P2, and that P4 was
the strongest of the three.

Figure 11 shows the Vickers microhardness profile across
the weld cross-section at various locations on the pulse TIG
joints, which was approximately “W”-shaped profile [54].
The profile is asymmetrical compared to the FZ axial cen-
tre, suggesting different mechanical features of the joint on
each side of this region. Due to the presence of strengthen-
ing elements, the base alloys exhibited high microhardness
values, and the thermally affected zone (HAZ) exhibited a
decreasing trend. Age hardening has caused an increase in
hardness on both sides of PMZ just after the FZ (near the
fusion boundary) as a consequence of a significant concen-
tration of alloying elements in solid solution at the conclusion
of theweld thermal cycle [50], while the decrease in hardness
in HAZ is probably due to microstructural variations includ-
ing grain coarsening and recrystallization, and the formation
of coarse precipitates during welding [42]. Moreover, the
microhardness drop was more severe from weld FZ to HAZ
of AA7075-T6 aluminium alloy side. Since AA7075-T6 has
lower thermal conductivity, less heat is transferred from this
side to AA6061-T6 side, so weld heat is applied to this side
for longer periods of time [43]. Accordingly, AA7075-T6
was more affected by weld heat than AA6061-T6 resulting
more hardness drop in this side.As peak current andpulse fre-
quency increased, the microhardness profile shifted upward,
indicating a higher value. Tensile strength, as noted, is a sig-
nificant material characteristic influenced by the porosities
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Fig. 11 Vickers microhardness
distribution across the
mid-thickness of P-TIG welded
samples at various positions

within the FZ. Conversely, hardness is a localized attribute
primarily determined by microstructural elements such as
grain boundaries and grain size [55]. In actual, microhard-
ness is also depending upon several other factors including
temperature distribution, strain rate, elemental compositions,
and intermetallic precipitates proportion appear to have an
influence on the microhardness of the weld metal [56]. In
accordance with the Hall–Petch correlation, the hardness
strength shows an inverse correlation with grain size [57].
The welded sample P4 with the AGS in FZ (~ 21 μm) has
the greatest hardness, while the welded sample P1 with AGS
in FZ (~ 31 μm) has the lowest hardness. In addition, the
transformation of LAGBs into HAGBs was greatest in the
welded sample P4 joint (see Fig. 8f), which provides high
resistance to local deformation during microhardness mea-
surements.

3.4 Residual Stress Characteristics

Residual stress pertains to the internal stresses retained
within amaterial post-production and processing,without the
influence of external forces or temperature variations [58].
The mechanical properties of pulsed TIG welded joints of
AA6061-T6 and AA7075-T6 are profoundly influenced by
residual stress and welding defects. During the TIG welding,
intense localized heating and subsequent rapid cooling intro-
duce residual stresses into the welded joints. These residual
stresses, arising from uneven temperature gradients during

solidification, can lead to distortion and adversely impact
the mechanical integrity of the joints [59]. In the case of alu-
minium alloys, such as AA6061-T6 and AA7075-T6, which
are particularly sensitive to stress corrosion, residual stresses
become a critical consideration as they may contribute to
premature failure. Additionally, welding defects, including
porosity, incomplete penetration, and solidification cracks,
further affect the mechanical properties of the joints. Poros-
ity, caused by gas entrapment during the welding process,
creates voids that reduce the overall strength and ductility of
the joint. Incomplete penetration limits the cross-sectional
area of the weld, compromising joint strength. Solidifica-
tion cracks, formed during the cooling phase, propagate
through the material, diminishing the structural integrity of
the joint. The alloy-specific characteristics of AA6061-T6
and AA7075-T6 also play a role, with AA7075-T6 being
more prone to heat-affected zone (HAZ) softening during
welding, potentially influencing joint strength.

The effect of high peak current in pulsed TIG welding
on the joint performance of AA6061-T6 and AA7075-T6 is
a critical aspect of welding parameters. High peak current
(175 A) intensifies the heat input during welding, lead-
ing to rapid melting and solidification of the base metals.
While this can enhance fusion and potentially increase joint
strength (201 MPa), it also introduces challenges such as
increased residual stresses. The elevated temperature gradi-
ents and cooling rates associated with high peak currents
contribute to substantial residual stresses in the weld region.
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Fig. 12 Residual stress
distributions across the
mid-thickness of P-TIG welded
samples at various positions

These stresses, if not properly managed, can adversely affect
the tensile strength of the welded joint. Excessive residual
stresses may lead to distortion, cracking, and reduced overall
tensile strength [60]. The aluminium alloys AA6061-T6 and
AA7075-T6 are particularly sensitive to the thermal effects
ofwelding, and the interaction between high peak current and
their metallurgical properties requires careful consideration.

Figure 12 shows the transverse residual stress profile at
various locations along the mid cross-section of the welded
samples, which resembles a “M” shape profile [50]. Different
peak currents and pulse frequency clearly affect the residual
stresses. Sample P4 (with a peak current of 175 A and a pulse
frequency of 16 Hz) shows the highest magnitude of residual
stress of 52MPa, while sample P1 (with a peak current of 110
A and a pulse frequency of 4Hz) shows the lowestmagnitude
of 38 MPa. Higher heat input concentration during weld-
ing led to increased differential heating and cooling cycles.
Thus, the weld metal zones may experience increased strain
due to thermal mismatch resulting from material and vol-
ume changes caused by different phase transitions. Residual
stress increaseswhen adjacentmaterials effectively constrain
the heightened strains through either metallic continuity or
base alloys clamping system restrictions [35].Heterogeneous
thermal strains from temperature fluctuations duringwelding
and volume changes from phase transformations both have a
role in determining the distribution of residual stress in welds
[61]. The FZ had the highest residual stresses compared to

the thermally affected zone and base alloys in all the weld-
ments. However, the surrounding regions help to counteract
these stresses. Due to the higher elastic limit and better resis-
tance to constraint, AA7075-T6 has slightly higher residual
stress compared to AA6061-T6 in TIG welded joints. One
can observe that the extent of residual stresses typically cor-
relates with both the degree of constriction and the elastic
limit of the weld metal [35]. Figure 13 displays the three-
dimensional Debye ring, distortion curve, and residual stress
profile curve for the P-TIG welded samples P1 (110 A, 4 Hz)
and P4 (175 A, 16 HZ). Distortion rings show the location
and full-width half maximum of the diffraction peak, while
Debye rings have consistent radii at all angles. Greater distor-
tion will occur due to inconsistencies in the diffraction angle
if the material contains residual tension [62]. The residual
stress profile at the weld bead indicates multiple peaks in the
weld metal. Greater residual stresses are portrayed as redder
peaks, whereas smaller residual stresses are shown in blue
[58]. As shown in Fig. 13a, the distortions and red colour
shade peaks in the profile curve of the welded sample P1
were small, suggesting that the residual stresses were also
modest. However, as shown in Fig. 13b, the welded sam-
ple P4 exhibited the most severe distortions and the highest
profile peak, suggesting the greatest residual stresses. These
findings agree with those of other studies [35, 37, 58].
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Fig. 13 Three-dimensional Debye ring, distortion curves, and residual stress profile at the FZ centre of P-TIG welded samples a P1 (110 A, 4 Hz)
and b P4 (175 A, 16 Hz)

3.5 Fractography

Figure 14a–d depicts SEM micrographs of the tensile frac-
tured surfaces of the joints P1, P2, P3, and P4. Energy
diffraction scanning analysis was also carried out to sup-
port the findings obtained from SEM analysis. Finer dimples
result in increased joint strength and ductility, whereas
coarser dimples have the opposite effect [52]. The fracture
surface of the welded samples P1 and P2 (Fig. 14a and b)
was characterized by a large rough cleavage facet with some
macro-voids. These voids act as a stress concentrators and
crack initiation sites, resulted brittle fracture mode [35]. The
fractured surface of the welded samples P3 and P4 (Fig. 14c
and d) displayed uniform and fine equiaxed dimples devoid
of porosities, indicating ductile fracture mode. This clarified
that the welded samples P3 and P4 elongated more than the
other welded samples. The fracture surface of welded sam-
ple P4 exhibited uniform and fine dimples, leading to ductile
fracture mode. EDS examination of the void region marked
as green square region, revealed the presence of 0.92% Mg,
0.11% Ti, 4.53% O, 2.67% Cu, 1.42% Zn, 0.19% Cr, and

0.68% Fe along with aluminium (Fig. 14e). The fast-cooling
rate associated with the welded sample P1 is responsible
for the creation of voids in the FZ. During TIG welding,
oxygen can get trapped in the molten pool attributed to its
fast-cooling rate leading to the formation of these voids. This
oxygen developed oxygen inclusion defects in the welded
joint and could degrade the overall integrity of the weld joint
and responsible for the brittle fracture in the FZ [35]. In
addition to aluminium (Fig. 14f), the EDS examination of the
highlighted yellow square area reveals the presence of 2.04%
Mg, 3.21% Si, 0.72% Cu, 0.63% Zn, 0.20% Cr, and 1.91%
Fe. Formation of intermetallic precipitates such as Mg2Si
at the fracture surfaces of the HAZ of the AA6061-T6 side
is confirmed by the existence of a considerable quantity of
Mg and Si. During welding, these intermetallic precipitates
provide sufficient strength to the joint due to precipitation
hardening. Therefore, during tensile test, the welded sample
P4 showed significant necking before failure and responsible
for the ductile fracture mode.
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Fig. 14 SEM images of tensile fractured surfaces of the pulse TIG joints a P1, b P2, c P3, and d P4; energy diffraction scanning results of marked
square regions of fractured surfaces of the welded samples e P1 and f P4
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4 Conclusions

The present investigation involved the successful fabrication
of butt joints between 6-mm-thick dissimilar AA6061-T6
andAA7075-T6 aluminiumplates using an automatedP-TIG
welding process. The effects of peak currents and pulse fre-
quencies on microstructure, mechanical and residual stress
characteristics of the dissimilar joint were examined. The
findings from the experiment led to the following main con-
clusions:

1. Microstructural analysis showed that increasing the peak
currents and pulse frequencies decreased the number of
voids in the FZ, and SEM–EDS mapping showed that
high peak currents and pulse frequencies led to less seg-
regation of alloying elements.

2. EBSD analysis revealed that the welded sample P1 (110
A, 4 Hz) exhibited a coarse dendritic grain, with a high-
angle grain boundaries (HAGBs) fraction of 60.02%,
while the welded sample P4 (175 A, 16 Hz) exhibited
a fine equiaxed grains, with large HAGBs fractions of
73.32%. Also, the maximum orientation density value of
the welded joints was much lower than that of the base
metals, suggesting that the texture was greatly reduced
after welding.

3. The welded sample P4 developed a defect-free weld
with the highest tensile strength (~ 201 MPa), percent
elongation (~17%),microhardness (~101HV), and com-
pressive residual stresses (~ 76 MPa) compared to other
welded samples. Thewelded sample P4with high current
pulsing resulted in improved mechanical and compres-
sive residual stress properties due to ultrafine grains,
lower segregation of alloying elements, and significant
grain boundary strengthening.

4. The tensile fractured surface of the welded sample P1
(110 A, 4 Hz) exhibited coarse dimples with significant
voids, resulting in a brittle fracture behaviour. However,
the welded sample P4 (175 A, 16 Hz) exhibited a frac-
tured surface with fine equiaxed dimples and no voids,
resulting in ductile fracture behaviour.

Better quality joints and more productivity might be
attained with the help of this research, which would also
serve as a technical database for the aerospace and automo-
bile sectors.
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