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This study explored the heat input effects on automated TIG welded dissimilar AA6061-T6 and AA7075-T6
joints using filler ER5356. Three heat input welded samples, namely HI1 (0.73 kJ/mm), HI2 (1.69 kJ/mm),
and HI3 (2.27 kJ/mm), were utilized and their corresponding microstructure and grain boundary features
were investigated and correlated with the joint�s mechanical properties. Electron backscattered diffraction
(EBSD) results showed that the low-angle grain boundaries (LAGBs) in the base alloys transformed into
high-angle grain boundaries (HAGBs) in the fusion zone (FZ) after welding. However, the grain boundary
transformations were more pronounced in the high heat input welded sample HI3. Pole figures revealed
strong dominance of A�

1/ A
�
2 and A/ �A textures with a small amount of C and B/ �B textures at the FZ for

all the heat input joints. Orientation distribution functions also exhibited the recrystallization textures P
{011} <112> and Goss {110} <001> , plane strain texture S {123} <634> with some deformation
texture H {001} <110> at the FZ center. The medium heat input sample HI2 had the highest tensile
strength of 182 MPa, elongation of 14.4%, and flexural strength of 202 MPa; while, the welded sample HI1
had the highest microhardness of 81 HV when compared to other welded samples. The HI2 joint fracture
surface exhibits fine dimples devoid of porosities, suggesting ductile fracture manner. However, the fracture
surface of the HI3 joint displayed both smooth and rough cleavage facets with coarser dimples, resulting in
a combination of ductile and brittle fracture modes.
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1. Introduction

Aluminum and its alloys are remarkable lightweight mate-
rials used in a variety of applications such as structures,
automotive and maritime parts, and aerospace components due
to their great formability, outstanding corrosion resistance, and
significant strength (Ref 1-3). AA6061-T6 finds application in
storage tankers, naval sections, pipes, and high-speed trains,
and various other industries; while, AA7075-T6 is predomi-
nantly employed in the fields of aerospace components
including airplane wings, panels, and aircraft fuselage (Ref 4-
6). The chief alloying elements in AA6061-T6 alloy are Mg
and Si, while Mg, Zn, and Cu are the main alloying elements in
AA7075-T6 alloy; these alloying elements strengthened these
alloys through precipitation hardening (Ref 7-9). Riveting is a
classic technique for joining AA6061-T6 and AA7075-T6,
although it causes stress concentration and increases joint
weight, limiting its use in aircraft (Ref 10, 11). Welding is a

common and vital method for making high-quality joints to
overcome these restrictions (Ref 12).

Tungsten inert gas (TIG) welding is often the most
recommended fusion welding process for fabricating aluminum
and its alloys because it is simple, adaptable, applicable, and
cost-effective (Ref 13-15). Despite the fact that solid-state
welding methods like friction stir welding (FSW) produce high-
quality, defect-free welds, their implementation has certain
drawbacks, including the need for adequate fixtures, clamping
mechanisms, and trained operators, all of which drive up the
cost of the welding process. In addition, FSW is restricted to
producing solely horizontal joints and is not suitable for
welding joints with complex shapes (Ref 16-22). However,
researchers struggle to join dissimilar tungsten inert gas (DS-
TIG) joints of Al alloys (Ref 15, 23). Oxygen and aluminum
chemically interact to create a resilient layer of aluminum
oxides, while increased hydrogen dissolvability creates voids
(Ref 24). Moreover, different chemical and thermal character-
istics of aluminum alloys cause solidification fractures, post-
weld residual strains, and thermally affected region softening
(Ref 24-26).

To ensure effective and quality joints in aluminum and its
alloys, one can utilize low heat input methods like FSW (Ref
27-30) or adjust welding parameters to regulate heat input
during arc welding (Ref 31). Researchers have extensively
studied the heat input in fusion welding, which refers to the
energy supplied by the arc source per unit length of the weld.
Rojas et al. (Ref 32) published a study on the impact of heat
input on the fatigue properties and microstructure of AA6061
butt joints during TIG welding. They deduced that low heat
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input resulted in degraded tensile properties due to partial
penetration and significant voids. Samiuddin et al. (Ref 33)
studied the impact of various heat inputs on the microstructure
as well as the mechanical characteristics of TIG welded
AA5083 aluminum joints that involve tensile strength, Charpy
impact toughness, and microhardness. The findings confirmed
that the medium heat input (1-2 kJ/mm) yielded optimal
mechanical features by eliminating weld imperfections, result-
ing in a loss of only approximately 18.26% of strength. Cevik
(Ref 34) studied the impact of various currents on the
microstructure and mechanical properties of TIG welded
AA7075-T651 joints. As the weld current increased, they
found that the heat inputs also increased. This led to a coarser
grain and the formation of micro-thermal cracks, which in turn
caused a decrease in impact and hardness strengths of the joint.
Reyaz and Sinha (Ref 35) adjusted heat input and improved
mechanical and wear properties of DS-TIG joints of AA6061-
T6 and AA7075-T6 alloys by varying current, weld speed, and
arc voltage. The medium heat input joint with 145 A current,
78 mm/min weld speed, and 1.67 kJ/mm heat input had the
maximum tensile strength, ductility, impact toughness, and
wear resistance of the joint. They proposed that regulated heat
input may build finer structures and consistent intermetallic
dispersion without voids. Heat input affected mechanical
characteristics and corrosion rates of cold metal transfer
(CMT)-welded AA5754 and AA6061 alloys, according to
Comez and Durmus (Ref 36). High heat input induced partially
melted region expansion and grain coarsening in AA5754 and
overaging in AA6061, reducing joint tensile strength. The
lowest heat input welded junction has the lowest corrosion rate.

Yuruk et al. (Ref 22) examined the impact of current
intensity and weld speed on the mechanical features of
dissimilar AA5754/AA6013 alloys in metal inert gas (MIG)
joints. The highest mechanical properties, such as hardness,
bending strength, and fatigue resistance, were observed at a
weld current of 150 A, a weld speed of 150 mm/min, and a heat
input of 96 J/mm. They proposed that when the weld current
rises, the grain structures in the fusion region become coarser
due to enhanced heat input, leading to a decline in joint
properties. Ma et al. (Ref 37) investigated the influence of
different intermetallic compounds on the mechanical and wear
performance of fusion welded joints of aluminum/steel joint at
different heat inputs. The results show that a low heat input
should be utilized to obtain the good joint�s corrosion resistance
and mechanical performance. Ye et al. (Ref 38) evaluated the
microstructure and mechanical properties of TIG-MIG hybrid
welded aluminum/steel joint. They found excellent weld bead
appearance, controlled intermetallic compounds and the tensile
strength of 148.1Mpa resulted in lower heat input compared to
traditional MIG joint.

Qin et al. (Ref 39) studied the impact of two welding
currents (125 and 135 A) and a constant weld speed (10 mm/s)
on the microstructural changes and mechanical properties of
TIG welded Al�Mg2Si joints. Electron backscattered diffrac-
tion results showed that the low-angle grain boundaries
(LAGBs) in the base metal changed to high-angle grain
boundaries (HAGBs) following welding. The base metal had
three preferred orientations with a maximum orientation density
value of 26.31. However, the quality of the welded joints
decreased, with a maximum orientation density of only 2.75.
The joints welded at 125 A had less tensile strength and
ductility than the joints welded at 135 A. Guo et al. (Ref 40)
examined residual stress distributions and texture development

in FSW in different AA2024-T3 and AA7075-T6 welded joints.
They observed that AA7075-T6 had a larger longitudinal
residual stress than AA2024-T3. AA7075 had tensile transverse
and normal residual stresses, whereas AA2024 had compres-
sive ones. KAM maps of the thermomechanically impacted
zone showed more local plastic deformation than the weld
region, explaining the longitudinal residual stress double peak
structure. Wang et al. (Ref 41) used FSW to make distinct
AA5052 and AA6061 joints and studied their microstructural
and texture evolutions. It was found that the base metal�s
{001} <100> Cube and {123} <634> S components grad-
ually change to {111} <112> shear texture under shear
stress. HAGBs were prevalent in the stir region, then on the
retreating side, and finally on the advancing side.

The literature reviewed (Ref 22, 32-38) reveals that the
previous studies mainly focused on the impact of heat input on
the microstructure and mechanical features of weldments of
aluminum and its alloys. However, very limited literature (Ref
39-41) related to the impact of heat inputs on grain boundary
variations during TIG-welding of AA6061-T6 and AA7075-T6
alloys was found. Grain boundary studies provided detailed
insights into the effects of heat input during TIG welding on
deformation and recrystallization behavior. Therefore, the
present study investigated the microstructural and grain bound-
ary variations due to the application of different heat inputs and
correlate them with their mechanical characteristics, including
the tensile, flexural, and microhardness strengths of DS-TIG
AA6061-T6 and AA7075-T6 joints. Microstructural features
were determined through optical microscopy, scanning electron
microscopy (SEM), energy diffraction scanning (EDS), and X-
ray diffraction (XRD) techniques; while, grain boundary
variations were studied through electron backscattered diffrac-
tion (EBSD) technique. Using EBSD, the inverse pole fig-
ure (IPF) map, average grain size (AGS), grain boundary
misorientation angles (MAs) distribution, pole figures (PFs),
and orientation distribution functions (ODFs) in the fusion
region were investigated. Profound tensile fractographic exam-
inations were also carried out through SEM and spectroscopic
analysis to validate the experimental findings.

2. Materials and Experimental Descriptions

Rolled base alloys AA6061-T6 and AA7075-T6 each of
dimension 150 9 50 9 6 mm3 dimension and the filler wire
ER5356 (Ref 13, 42) were utilized in this study. T-6 temper in
the aviation sector refers to solution treatment for 1 hour at 470
degrees Celsius, water quenching, and artificial aging for 24
hours at 120 degrees Celsius (Ref 43). Table 1 shows the
elemental compositions (weight %) of base alloys and filler
metal determined by EDS method.

Figure 1 represents the schematic of experimentation
process of an automated TIG welding. A robotic TIG setup
(KEMPPI MasterTig 335 ACDC G) featuring an air-cooled
flame head used to produce dissimilar tungsten inert gas (DS-
TIG) joints in butt configuration as illustrated in Fig. 1(a). A
butt joint was made on one side, featuring a 1.5 mm root gap
between the plates with a groove angle of 90� and dimensions
of 150 mm. Both plates were cleaned well before being
mounted on a 200 mm 9 200 mm mild steel base plate and
clamped firmly in place. Clamps and bolts were employed to
prevent plates from warping in either direction as a result of

Journal of Materials Engineering and Performance



welding�s heat. The groove in center of the backing plate is
machined to be 12 mm broad and 1.5 mm deep. The groove
was cut to lessen the chilling effect at the root, enabling
improved penetration. Welding parameters and their ranges
were decided based on trial experiments and relevant literature
(Ref 13-15, 35). Initial trial examines revealed that an arc
length of 3 mm, an angle of 90 degrees at the tip, and a flow
rate of 18 l/min generated adequate heat without snuffing out
the arc. The variable parameters and constant parameters
utilized in the fabrication of DS-TIG joints are shown in
Table 2 and 3. Wire feed speed and welding rate were precisely
regulated utilizing a wire feed unit and a controller equipped
with welding setup. When the welding was finished, the welded
plates were left out in the open to cool. The heat input produced
during each pass of the welding process is expressed as follows
(Ref 15):

Qinp ¼ gth �
U � I � 60

WS
ðEq 1Þ

where Qinp, U, I, and WS stand for the amount of heat input (in
J/mm), weld current (in A), arc voltage (in V), and weld speed
(in mm/min), respectively. The arc efficiency (gth) during the
welding operations was taken as 75% (Ref 44-46).

Microstructural samples were sliced from the DS-TIG joints
utilizing wire electric discharge machining (WEDM). The
welded samples were meticulously ground and polished via
abrasive papers (started from 220 grit size and progressed up to
2200 grit size). Next, they were diamond polished with 0.5 lm
grit size diamond paste and etched with Keller�s reagent for 15
seconds to achieve mirror finish. The well-polished samples
were examined through a stereo microscope (Olympus-SC30,
India) and the distribution of different elements in the fusion
zones (FZs) were examined with SEM (Make: Zeiss SU-
PRA40) equipped with an EDS detector. Phase analysis was
employed by using XRD machine (Empyrean, Malvern PANa-
lytical diffractometer). The XRD results were collected with
k = 1.5418 Å and 2h levels of 10-90�, utilizing a CuKa
radiation. For EBSD analysis, the exposed surface of the
welded samples was first electropolished in an 80:20 mixture of
methanol and perchloric acid solution at an applied voltage of
15 V for 20 seconds at a temperature of � 5 �C. A SEM
(Make: Quanta 3D FEG) was then used to do EBSD scans of
the WMs of several welded samples. These scanned images
were recorded at a step size of 0.2 lm and subsequently
analyzed on TSL OIM (orientation imaging microscopy)
analysis software 8.0.

Tensile and flexural tests (without reinforcement) were
conducted to examine the mechanical strength of DS-TIG
joints. The sample design representation for different tests,
including a close-up view of tensile and flexural samples is
shown in Fig. 1(b), (c) and (d). Tensile and flexural tests were
conducted on a Zwick/Roell Z250 model universal testing
machine at a strain rate of 1 mm/min as per ASTM E8-M04

standard and ASTM E22-04 standards, respectively. Micro-
hardness tests were also performed across the mid region of the
weld cross section to a mirror-finished surface using a Vickers
hardness tester (UHL-002) in accordance with the ASTME384-
11 standard. During the microhardness testing, a load of 200 gf
was applied for 18 seconds. In order to produce a more precise
result, this study reports the average of three separate mea-
surements taken for each heat input scenario.

3. Results and Discussions

3.1 Macroscopic Features

Macroscopic assessment is crucial aspect of determining the
success of welding, especially when joining DS-TIG aluminum
joints. Figure 2 illustrates the top and bottom views of the weld
beads, as well as a cross sectional perspective of the
macrographs under different heat inputs. Visual inspection
reveals no joint problems like thermal cracks, spatter, etc., for
all the three heat input joints, as shown in Fig. 2(a), (b) and (c).
The existence of uniform ripples, negligible spatter and no
significant deformations in the transverse or longitudinal
orientations of the fabricated plates were discovered 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. 2(a) is due
to incomplete mixing of base alloys with filler metal. Whereas
excess penetrations are observed on bottom view of the weld
bead as seen from Fig. 2(c) is due to increased weld heat input.
Furthermore, HI1 joint shows notable porosities; while, HI2
and HI3 joints showed minimum porosities, which indicated
that they were correctly welded.

Examination of the weld cap width measurements in Fig. 2
also reveals that reducing weld speed from 98 to 77 mm/min
and raising weld current from 100 to 145 A caused a 36.17%
increase in bead width. Likewise, elevating weld current from
145 to 165 A and decreasing weld speed from 77 to 72 mm/
min led to a 10.15% increase in bead width. The fluctuations in
weld bead width likely stemmed from modifying heat input,
which occurred when adjusting either the welding speed or the
current (Ref 33). Raising the welding speed diminishes the
weld pool�s dimensions, resulting in a reduction in both the
accumulated metal volume and the weld width. This adjustment
affects the quantity of metal buildup, heat input, and the rate of
weld cooling (Ref 22). Figure 3 depicts the estimated weld
width (WW), weld penetration depth (WP), and weld rein-
forcement (WR) for the various heat input weldments. The
findings demonstrate that the WW, WP, and WR fall within the
range of 9.4-14.1, 4.1-6.9, and 1.9-2.5 mm, respectively,
concerning heat input. The weld�s width and penetration depth
varied linearly with heat input. An excess WP of 6.9 mm was
noticed in a weld sample of HI3 with a high heat input of

Table 1 Elemental composition (weight %) of base alloys and filler wire obtained by EDS analysis

Material Cu Zn Mg Mn Cr Ti Fe Si Al

AA7075-T6 1.2 5.2 2.2 0.04 0.3 0.01 0.38 0.43 90.24
AA6061-T6 0.16 0.025 0.88 0.09 0.18 0.15 0.28 0.67 97.56
ER5356 0.016 0.02 4.8 0.15 0.12 0.09 0.14 0.03 94.63
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Fig. 1 An illustration of (a) an automated TIG welding system (b) sample design for various characterizations (c) tensile specimen with
dimensions and (d) flexural specimen with dimensions
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2.27 kJ/mm. Koli et al. (Ref 47) reported a similar observation
in their study. They connected a 2 mm thick plate of AA6082-
T6 to a 3.18 mm thick plate of AA6061-T6 and found a
maximum WP of 3.7 mm for the high heat input CMT welded
joint. By elevating the heat input, the welding arc comes into

contact with a larger portion of the base and filler metals, which
leads to the creation of a more extensive and deeper penetration
(Ref 35). The maximum WR was 2.5 mm, and the minimum
was 1.9 mm, indicating a decreasing trend. The WR linearly
increased with increasing heat input up to approximately
1.69 kJ/mm, and then it dropped dramatically to a final value
close to its minimum.

3.2 Microstructural Variations

Heterogeneous microstructures evolved as a result of the
varied chemical compositions and solidification behaviors of
the filler wire and aluminum alloys as they reacted with one
another during the melting process, which are responsible for
the formation of different zones. Each joint basically consists of
mainly four zones: the base metal alloy (BM), the heat affected
zone (HAZ), the partially melted zone (PMZ), and the fusion
zone (FZ).

Figure 4 shows the optical micrographs and XRD peaks of
the base metal alloys (BMs) AA6061-T6 and AA7075-T6,
respectively. AA6061-T6 consists of grains with an average
diameter of approximately 18.34 lm; whereas, AA7075-T6
exhibits elongated grains oriented along the rolling direction,
featuring an average diameter of around 22.16 lm, as illus-
trated in Fig 4(a) and (b). There are some black inclusion
particles were appeared in the interior of the grains and at the
grain boundaries (GBs), which are responsible for the inter-
metallic phase evolutions. XRD results exclusively displaying
the presence of the Mg2Si phase for AA6061-T6 and MgZn2
and Al2CuMg isomorphous phases for AA7075-T6 alloy

Table 2 Variable DS-TIG welding parameters to acquire
different heat inputs

Sample

Weld
current,

A

Arc
voltage,

V

Weld
speed,
mm/min

Wire feed
speed, m/

min

Heat
input,
kJ/mm

HI1 100 16 98 1.6 0.73
HI2 145 20 77 2.3 1.69
HI3 165 22 72 3.1 2.27

Table 3 Constant DS-TIG welding parameters

Tungsten electrode diameter, mm 3.2
Filler rod diameter, mm 2.4
Arc length, mm 2.5
Polarity A.C
Number of passes 2
Torch angle (degree) 90
Shielding gas Argon (99.99 % pure)
Argon flow rate, l/min 18

Fig. 2 Weld bead surfaces (top and bottom perspective) and macrographs of DS-TIG joints (a) HI1, (b) HI2 and (c) HI3
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(Fig. 4c and d). It should be noted 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 (Ref 39).

Figure 5 displays optical micrographs of the various zones
in DS-TIG joints HI1, HI2, and HI3, respectively. The HAZ
endured higher temperatures, but not hot enough to melt,

causing structural changes due to the welding thermal cycles
(Ref 9). Figure 5(a), (b) and (c) shows larger, elongated grain in
the AA7075 HAZ, which are similar to the grains observed in
base alloy AA7075 (Fig. 4c), likely due to the lamination
impact (Ref 24). However, the microstructure in AA7075 HAZ
is mainly influenced by two distinct types of solid-state

Fig. 3 Weld bead dimensions of DS-TIG joints at different heat inputs

Fig. 4 Optical micrographs and XRD pattern of the base alloys (a, b) AA6061-T6 and (c, d) AA7075-T6
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reactions (Ref 8, 15). The microstructure in AA6061 HAZ
exhibited grains similar to the base metal AA6061-T6 with
eutectic Mg2Si phase (Ref 48), as displayed in Fig. 4(a).
However, the eutectic Mg2Si phase differs from the base metal
AA6061-T6 and undergoes a reduction, with some parts
transforming into a dot-like structure. The PMZ is a solid–
liquid interface zone close to the fusion line that contains a
directional columnar structure in the vicinity of the FZ along
the direction of heat dispersion (Ref 49). The PMZ area on both
sides of the fusion line is raised with the heat input, as is
evident in Fig. 5(a), (b), and (c). The area of the PMZ near the
AA6061 side is lesser compared to AA7075 side. The increased
thermal conductivity of AA6061-T6 results in a faster solid-
ification (Ref 50), thereby limiting particle growth and
generating a smaller surface area. Moreover, in the AA7075
PMZ, typically columnar grains and incipient melting at GBs
were observed due to the broad freezing range of the AA7075-
T6 (Ref 8).

Figure 5(a), (b) and (c) displays the non-equilibrium as-cast
structure of equiaxed grain formations in the FZ, which is
induced through proper undercooling and diverse nucleation
during high thermal cycles (Ref 49). Due to the high
temperatures in the fusion zone (FZ), the grains endure
significant recrystallization. Yet, during fusion welding, rapid
cooling causes nucleation in multiple grains, resulting in the
formation of equiaxed grains. Figure 6(a), (b) and (c) displays
SEM images of the HI1, HI2, and HI3 joints in the FZ center.
The corresponding void size distribution is represented in
Fig. 6(d), (e) and (f). A zoomed SEM image of the labeled

square region (Fig. 6g) provides a clear and detailed description
of the characteristics of FZ in HI2 joint, which reveals the
presence of equiaxed grains and more uniform dispersion of
intermetallic phases. Additionally, spot EDS analysis (Fig. 6h)
conducted on the white particles shows the presence of
significant Cu, Zn and Mg, which confirms the existence of
intermetallic phases such asMgZn2 and Al2CuMg were formed
within the FZ during the welding process. Similar intermetallic
phases were reported by other studies in welding of dissimilar
6061-T6 and 7075-T6 aluminum alloys (Ref 15, 51). The grain
segregation behavior also occurred in the FZ of the HI2 joint, as
shown in Fig. 6(g). During welding, the increased heat input led
to the creation of a larger molten basin, which explains the
observed phenomenon. Consequently, a significant amount of
the filler wire was melted and incorporated into the pool,
resulting in an increased fusion ratio of the weld bead (Ref 39).

Porosity is a kind of void that was generally formed in the
DS-TIG joints, as indicated by the white arrows in Fig. 6(a), (b)
and (c). In the case of HI1 welding, the shielding gas effectively
guards the top surface but does not provide protection for the
molten pool�s rear surface, permitting ambient air to infiltrate
the molten pool (Ref 15). However, HI2 and HI3 joints
exhibited very low porosities in the FZ, as the increased heat
input reduces the chance of porosity formation (Ref 15). In a
study, Peng et al. (Ref 48) joined AA6061-T6 TIG joints and
deduced that low heat input resulted in partial penetration with
significant voids. The diameter of porosity, referred to as the
equivalent circle diameter (ECD) of voids, was measured using
ImageJ software. To illustrate the void size distribution for

Fig. 5 Optical micrographs of various zones of DS-TIG joints: (a) HI1, (b) HI2, and (c) HI3
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Fig. 6 SEM images at the FZ center of DS-TIG joints: (a) HI1, (b) HI2 and (c) HI3; Bar graph displays the corresponding void size
distributions in the FZ (d) HI1, (e) HI2 and (f) HI3; (g) Magnified view of square region marked in (b); (h) EDS analysis of different spots
marked in (g)
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joints exposed to different heat inputs, the bar graph was drawn
for samples HI1, HI2, and HI3 and displayed in Fig. 6(d), (e)
and (f). The ECD for HI1, HI2, and HI3 were calculated
approx. 576, 165 and 209 lm, respectively. This suggests that
HI2 welded joint was properly fused as compared to the other
welded joints with minimum porosities formation. It is evident
that as the weld current increases or the weld speed decreases,
the resulting heat input to the weld increases which further
decreases the ECD of voids; however, high heat input raised the
ECD of voids to some extent (Ref 26).

Figure 7 displays the XRD peaks of DS-TIG joints at
various heat inputs to see the phase variations within the FZ.
Similar to the base alloy AA7075-T6 (Fig. 5d), the FZ still
contained of MgZn2 and Al2CuMg phases along with alu-
minum (Al). As seen in Fig. 4(b), (d), and (7), the peak
intensity ratio between the MgZn2 phase and the Al phase
decreased significantly, indicating a shift in phase content
between the BMs and FZ. Also, the Al2CuMg concentration
was much lower in the FZ compared to the BM. The greatest
intensity in the FZ fluctuates with heat inputs. Due to grain size,
texture, and dynamic grain migration and sub-grain boundaries
during welding, this diversity occurs (Ref 52). There was a
marginal change in peak intensities for HI1 joint with respect to
HI2 joint; while, HI3 joint exhibited significant decrease in
peak intensities with respect to HI1 joint in the FZ (Fig. 7). The
HI3 joint had lower peak intensities, showing that high heat
inputs vaporized Mg from the molten weld pool at high
temperatures (Ref 47), and residual Mg interacted with Zn and
Cu to generate the reduced MgZn2 and Al2CuMg phases. Liu
et al.(Ref 53) observed the similar phenomena that the Zn and
Mg elements were partially vaporized in FZ during the TIG
welding of AA7075 alloys. It may be inferred that weld heat
input strongly influences the microstructural characteristics,
including grain structures, intermetallic phase variations, and
porosity formations, which may further affect the mechanical

properties (tensile, flexural, and hardness strengths) of the
welded joints.

3.3 Grain Boundary Features

Figure 8 represents the EBSD micrographs showing IPF
map with color-coded scale, grain size (GS) distribution, and
grain boundary MAs distribution across the FZ center for
different heat input samples. The IPF map displays the
transverse direction (TD), weld direction (WD), and normal
to weld direction (ND) with respect to the crys-
tal�s <110> , <111> , and <001> orientations. The dif-
ferent colors in IPF maps represent crystallographic
orientations of the various grains. The average grain size
(AGS) in the case of HI1 and HI2 joints are 25.42 ± 8.83 and
29.85 ± 13.68 lm, respectively (Fig. 8b and e); while, AGS is
44.63 ± 15.18 lm for the HI3 joint. It can be noted that the
low and medium heat input samples exhibited relatively fine
grain structures compared to high heat input sample (Fig. 8h).
This was due to the fact that low and medium heat input joints
resulted in a rapid cooling rate of the weld pool due to a smaller
weld pool size. This quick solidification promotes a higher
degree of supercooling, facilitates the grains nucleation and
restricts the grain growth, leading to the formation of a fine-
grained FZ structures (Ref 15). Also, 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
aluminum alloys (Ref 39, 54). In the recrystallization process,
the low-angle grain boundaries (LAGBs) of the base metals
keep moving and changing into high-angle grain boundaries
(HAGBs) in the FZ (Ref 55, 56). This happens because sub-
grains join together, making new recrystallized grains (Ref 57).

The color-coded orientation maps (Fig. 8c, f and i) showed
both LAGBs with an average misorientation of 2�-15� and
HAGBs with a misorientation of more than 15�. Figure 9
represents the statistics of percentage of LAGBs, AGS, and

Fig. 7 XRD peaks of DS-TIG joints at various heat inputs
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percentage of HAGBs for the base metals and all the FZ welded
samples. For AA6061-T6, the proportion of LAGBs was
56.15%, and for AA7075-T6, the proportion of LAGBs was
65.19%, respectively. For the HI1 joint, most of the MAs were
greater than 15�, which corresponds to HAGBs, and the
proportion of LAGBs was 41.82 %. However, for the HI2 joint,
the proportion of LABs was 36.08 % and for HI3 joint, the
proportion of LABs was 30.53 %. It can be concluded that the
LAGBs in the BMs transformed into HAGBs in the FZ in the
DS-TIG joints. In addition, a decrease in AGS of the grains
leads to increase in LAGBs and decreased HAGBs (Ref 58),
i.e., the proportion of LAGBs for HI1 joint is maximum and is
minimum for the HI3 joint confirming that the grain transfor-
mations are more favorable for HI3 joint. The boundary MAs
distribution is mostly linked to the different heating and cooling
cycles that happen during welding, especially the peak

temperature that can be reached (Ref 54). The HI3 joint raises
the FZ peak temperature, generating a high temperature
gradient across grain boundaries. The higher diffusion at high
peak temperatures may accelerate grain boundary migration
and transformation. This may accelerate LAGBs to HAGBs.
However, HI3 may cause excessive grain development and
coarsening, which may harm mechanical qualities (Ref 15).
Dislocations move slower in materials with higher HAGBs and
fine grains when subjected to tensile tension. GBs experience
an increase in dislocations. Higher resistance to external tensile
stress deformation leads to increased joint strength and ductility
(Ref 56).

Texture strengthening occurs when a material�s mechanical
properties improve as a result of a change in its texture (Ref
56). The texture variations were analyzed using the pole
figures (PFs) and orientation distribution functions (ODFs) in

Fig. 8 EBSD micrographs showing IPF map (with color-coded scale), GS distribution and grain boundary MAs distribution across the FZ
center of DS-TIG joints (a-c) HI1, (d-f) HI2 and (g-i) HI3
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the center of the FZ regions of dissimilar weld joints (Fig. 11).
Figure 10 depicts the basic standard textures for face centered
cubic (FCC) materials, as described in the aforementioned
literature (Ref 30, 59-61), positioned on the acquired PFs and
ODFs for clarity. The several basic deformation textures for
FCC material are demonstrated in Fig. 10(a), where they have
been applied to PFs {001}, {101} and {111} (Fig. 10b).
Figure 10(c) shows the ideal orientation of the texture
components deformation, recrystallization, and plane strain on
the ODF sections (see Fig. 10(d)) displayed in Euler space-
Bunge notations at u2 = 0�, 45� and 65�. Figure 11(a), (b) and
(c) represents the {001}, {101} and {111} PFs for the HI1, HI2
and HI3 joints, superimposed with the respective standard PFs.
All the joints in FZ center exhibited strong dominance of A�

1/
A�

2 and A/ �
A textures. The formation of the A�

1/ A
�
2 and A / �

A
textures component (minor deformation texture components)
indicate that this region (FZ) has undergone significant
recrystallization at increased peak temperatures. The PFs also
revealed small amount of major deformation texture compo-
nents C and B / �

B in FZ that indicates that this region (FZ) has
also undergone some deformations during welding process.

Figure 11(d), (e) and (f) represents the ODFs results of the
samples HI1, HI2, and HI3 joints superimposed with the
respective standard ODFs. The Brass, Copper, and S textures
are related to plane strain texture components, the E, F, and H
textures are originated from the deformation texture compo-
nents, and Cube, Goss, and P are in a relation with recrystal-
lization texture components (Ref 61). In ODF plot at u2 = 0�
and 45� section of Euler�s space, the strong intensity recrys-
tallization texture components P {011} <112> and Goss
{110} <001> , plane strain texture component S
{123} <634> with small amount of deformation texture
component H {001} <110> are observed at u2 = 65� in the
FZ near weld center for all the three heat input samples. The
presence of strong intensity recrystallization texture compo-
nents Cube {001} <110> in the fusion region at u2 = 0�, and
F {111} <112> at u2 = 45� section are also observed in the
midregion of FZ for all the three heat input samples. Therefore,
it can be comprehended that all the heat input samples exhibited
the significant strong intensity recrystallization textures namely

Cube {001} <100> , Goss {110} <001> , and P
{011} <112> and some deformation texture components like
H {001} <110> and F {111} <112> , which signifies the
low amount of deformation also occurred in the FZ, which
aligns with the current observations derived from Fig. 8. In
addition, the highest orientation density value was approxi-
mately 7.05 in the HI3, 6.73 in the HI2, and 5.64 in the HI1
joints (Fig. 11d, e and f). The value of maximum orientation
density is increased as the welding current and voltage is
increased (Ref 31). The change in texture strengthening is
associated with the different solidification behavior of the FZ
formed at different heat inputs (Ref 62). The HI2 and HI3 joints
feature stronger textures than the HI1 joint, which may reduce
anisotropy and improve mechanical characteristics (Ref 60, 63).

3.4 Mechanical Properties

Table 4 summarizes mechanical characteristics of the base
alloys and DS-TIG welded joints at various heat inputs. Welded
joints have lower microhardness (MH), ultimate flexural
strength (UFS), and ultimate tensile strength (UTS) relative to
the base alloys. Figure 12(a) depicts the engineering stress–
strain curves for DS-TIG joints subjected to varying heat
inputs. The engineering stress–strain curves of AA6061-T6 and
AA7075-T6 are also included for comparison. The UTS of HI1,
HI2 and HI3, is 152, 182 and 141 MPa, respectively and the
corresponding percentage elongation (PE) is 8.7, 14.4 and
6.2%, respectively. The HI1 joint had the lowest UTS and PE
compared to the other joints, which may be due to the shallower
penetration of the weld and the development of voids in the FZ.
Lee (Ref 64) established a power–law relationship between
AZ91 alloy tensile strength and vacancies. They found that
voids considerably reduced both the tensile strength and
ductility of the samples. So, even though the HI1 joint has
the smallest average grain size (Fig. 8h), its poor tensile
strength may be explained by the presence of macro-voids. The
HI2 joint exhibits the largest UTS and PE 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 evacuate
the molten pool, and the voids decrease (Fig. 6f). Additionally,
in the HI2 joint, the secondary phases or precipitates like
MgZn2 and Al2CuMg phases are segregated and distributed
more uniformly in the FZ (Fig. 6g). Also, the average grain size
(AGS) in the FZ (29.85 ± 13.68 lm) of HI2 joint is smaller
than that in the FZ (44.63 ± 15.18 lm) of HI3 (Fig. 8e and h).
However, the high heat input concentrations in the fusion
region of the HI3 joint may result in the vaporization of Zn and
Mg elements and a decrease in intermetallic MgZn2 and
Al2CuMg precipitates (Fig. 7). The solid solution precipitate
hardening of the HI3 joint is less affected by these components
than the HI2 joint. These talks suggest that the HI2 joint is
stronger than the HI3 joint. HI2 and HI3 joints are fractured in
the HAZ of AA6061-T6, rather than in the FZ, as shown in
Fig. 12(b).

Like tensile strength, all heat input samples had somewhat
increased flexural strength (Fig. 13a). The top surface is
compressed and the lower surface is tensioned during the root
flexural test of the weld joint. The joint with the lowest UFS
and flexural strain was HI1. Due to sound joint, HI2 joint
exhibits highest UFS. HI3 joint has less UFS than HI2 joint
owing to precipitate dissolution and grain coarsening. Flexural
samples from DS-TIG joint root bending tests are shown in

Fig. 9 Statistical results showing proportion of LAGBs, AGS and
proportion of HAGBs in the base alloys and the DS-TIG joints
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Fig. 13(b). HI1 joint seemed to rupture during bending testing,
but HI2 and HI3 joints did not. HI2 had the greatest UFS
without failures, suggesting appropriate joint parameters. The
conclusions of this investigation corroborate earlier finding
(Ref 22).

Figure 14(a), (b), (c) and (d) depicts SEM micrographs of
the tensile fracture surfaces of samples HI1, HI2, and HI3, as
well as EDS analysis of a selected region. Finer dimples result
in increased joint strength and ductility; whereas, coarser
dimples have the opposite effect (Ref 48). The fracture surface
of the HI1 joint (Fig. 14a) is characterized by a large rough
cleavage facet with some macro-voids. HI1 joint resulted in
hydrogen entrapment inside the FZ attributed to its fast-cooling
rate due to less time to combine and escape from the molten

pool. These voids act as a stress concentrators and crack
initiation sites, resulted brittle fracture mode (Ref 15). HI2 joint
fracture surface (Fig. 15b) has homogenous, fine equiaxed
dimples without porosities, suggesting ductile fracture mode.
This shows that HI2 elongates more than other joints. HI3 joint
fracture surface (Fig. 14c) has smooth and rough cleavage
facets with coarser dimples, resulting in ductile and brittle
fracture mode. EDS analysis (Fig. 14d) of selected red square
region elucidates the presence of mainly 0.54% Mg, 2.04% Cu,
0.43% Zn, 2.74% Si, and 1.78% Fe along with aluminum. The
reduced level of Mg and Zn confirms the dissolution of MgZn2
and Al2CuMg precipitates, which also validates the XRD
findings. Therefore, HI2 results in lesser strength and percent-
age elongation than the HI3 joint.

Fig. 10 Symbolic representation of (a) simple deformation texture components (b) ideally positioned over (001), (101) and (111) PFs (Ref 59,
60) and (c) texture components and (d) ideally positioned over ODF sections at u = 0�, 45�, 65� (Ref 30, 61)
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Fig. 11 PFs and ODFs (superimposed over respective standard PFs and ODFs) across the FZ of DS-TIG joints (a, d) HI1, (b, e) HI2 and (c, f)
HI3
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Figure 15 depicts the consequence of heat input on the
microhardness of the FZ and HAZs. A comparison of the
hardness of FZ and HAZ in all the joints reveals that FZ is
considerably harder than HAZ. This is due to the fact that FZ
grains are considerably smaller than HAZ grains. It is observed
that the tensile and flexural strengths are substantial material
properties that are governed by the FZ�s porosities. Hardness,
on the other hand, is a local property that is mostly controlled
by microstructural features like grain boundaries and grain size.
The HI18, HI21, and HI24 joint average grain sizes are � 25,
30, and 44 lm in FZ; while, it is � 46, 62, and 81 lm in the

HAZ of AA6061-T6 and � 51, 67, and 92 lm in the HAZ of
AA7075-T6, respectively. Because of this, FZ is able to achieve
a greater hardness than HAZs. Moreover, the hardness values in
AA6061 HAZ is slightly lesser than AA7075 HAZ, despite
AA6061 HAZ has comparative finer grains. In actual, micro-
hardness is also depending upon several other factors including
temperature distribution, strain rate, and intermetallic precipi-
tates proportion appear to have an influence on the microhard-
ness of the weld metal (Ref 65).

The hardness results also show that as the heat input goes
up, the hardness goes down. The HI1 joint is the hardest, even

Table 4 Displays the mechanical characteristics of the base alloys and DS-TIG joints

Sample
Heat input,
kJ/mm

Ultimate tensile
strength, MPa

Percentage
elongation, %

Ultimate flexural
strength, MPa

Vickers
microhardness, HV

Fracture
location

AA6061-
T6

… 281 21.8 401 114 …

AA7075-
T6

… 488 12.3 610 147 …

HI1 0.73 130 5.8 142 81 FZ
HI2 1.69 182 14.4 202 75 AA6061 HAZ
HI3 2.27 168 11.2 186 58 AA6061 HAZ

Fig. 12 (a) Tensile stress–strain curves of the DS-TIG joints and (b) the fracture location of joints at different heat inputs

Fig. 13 (a) Flexural stress–strain curves of the DS-TIG joints and (b) the flexural samples after root bend test
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though its tensile and bending strengths are the lowest.

According to Hall–Petch relationship Hv ¼ Hv0þkd
�1
2 , where

d is grain size, Hv is the yield stress, Hv0 and k are the
constants associated with microhardness tests, and the strength
of the hardness is inversely related to the size of the grains (Ref
66). Consequently, the HI1 with the AGS in FZ (�25 lm) has
the greatest resilience. The HI3 joint, whose grain size in the FZ
and HAZs is the greatest, demonstrates the lowest hardness. In
addition, the transformation of LAGBs into HAGBs and the
orientation density value are greatest in the HI3 joint (Fig. 8i
and 11f), which provides high resistance to local deformation

during microhardness measurements, but HI3 exhibited the
lowest hardness due to the loss of strengthening precipitates
and grain coarsening. Therefore, it can be concluded that HI3
joint exhibited least microhardness due to the dissolution of
precipitates and grain coarsening, despite having a maximum
transformation of LAGBs into HAGBs and the higher orien-
tation density value.

4. Conclusions

In this study, DS-TIG joints were made from AA6061-T6
and AA7075-T6 aluminum plates utilizing automated TIG
welding and filler ER5356. The effects of heat inputs on joint
microstructure and mechanical properties were studied. A
detailed study of experimental results yielded the following
primary findings:

1. The increase in heat input increased the dimensions of
the weld bead, including the weld width, penetration
depth, and PMZ breadth. However, the reinforcement ini-
tially increased but then decreased beyond a certain point
with heat input. The best bead geometry was achieved
with an HI2 (1.69 kJ/mm) joint at 145 A welding current,
20 V arc voltage, and 77 mm/min welding speed.

2. EBSD showed that LAGBs in base alloys transformed into
high HAGBs in the FZ, with higher heat input. PFs re-
vealed strong dominance of A�

1/ A
�
2 and A / �A textures with

a small amount of C and B/ �B textures for all the heat input
joints. ODFs also exhibited the recrystallization textures P
{011} <112> and Goss {110} <001> , plane strain
texture S {123} <634> with some deformation texture
H {001} <110> at the FZ center.

Fig. 14 SEM images of tensile fractured surfaces of the DS-TIG joints (a) HI1, (b) HI2, and HI3; (d) EDS analysis of selected red square
region in (c) (Color figure online)

Fig. 15 Vickers microhardness of the FZ and HAZs of DS-TIG
joints at various heat inputs
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3. The HI2 joint had the highest tensile strength of
182 MPa, elongation of 14.4%, and flexural strength of
202 MPa; while, the joint HI1 had the highest microhard-
ness of 81 HV when compared to other joints. The in-
creased proportion of HAGBs may have resulted in
improved joint strengths, but excessive grain growth and
coarsening resulted in decreased microhardness, despite
greater LAGBs to HAGBs transformations.

4. The HI2 joint fracture surface displays fine dimples de-
void of porosities, indicating ductile fracture mode. How-
ever, the fracture surface of the HI3 joint displayed both
smooth and rough cleavage facets with coarser dimples,
resulting in a combination of ductile and brittle fracture
modes.
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