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Abstract

In this study, the 6082-T6 aluminum alloy was repaired by Metal Inert Gas (MIG) and Tungsten Inert Gas (TIG)
welding using the filler ER 4043. The influences of thermal heat cycles on the microstructure and mechanical
properties of weldments produced by different welding processes were assessed based on macrostructure,
microstructure, tensile and micro-hardness tests. The experimental results revealed that the tensile strengths of
the TIG and MIG welded joints were 199.6 MPa and 172.2 MPa, respectively, which were reduced after repair
welding to 178.9 MPa and 168.1 MPa, respectively. The tensile strength of TIG welded joints were lower than
those of MIG welded joints due to the lower hardness in the heat-affected zones (HAZs) due to high TIG heat
input. The tensile strength was decreased after repair welding irrespective of the welding processes due to the
double over-ageing effect in the over-ageing zones. These results suggest that MIG welding process should be
preferred for the repair welding of 6082-T6 aluminum alloy.

Keywords: 6082-T6 aluminum alloy, Repair welding, Mechanical properties, MIG welded joints, TIG welded
joints

1. Introduction

Aluminum alloys are extensively utilized in transportation industries such as rolling stocks, vehicle structures,
and ship structures due to their attractive combination of physical and chemical properties (lightweight, high
strength, good corrosion resistance, good weldability, and formability) [1,2]. Among them, 6082-T6 aluminum
alloy is a heat-treatable alloy that can be strengthened to provide moderate mechanical strength [3,4]. In the
assembling of aluminum alloy structural parts, the joining of such parts is inevitably performed by different
welding processes in the industrial production. Metal Inert Gas Welding (MIG) and Tungsten Inert Gas (TIG)
welding are the widely used fusion welding processes for joining of such structural components into a different
dimensional assembly owing to easy operation and high productivity [5,6].

The welding of the aluminum alloys, especially in the fusion welding, generates a variety of problems such as
porosity formation, liquation cracks, lack of fusion, low production efficiency, weld distortion and joint softening
due to its strong thermal conductivity, large thermal expansion coefficient, the formation tendency of refractory
oxide, high solubility of hydrogen in the liquid aluminum, low stiffness, and the divergent heat source. It is
generally accepted that TIG welding process can provide better weld quality than MIG [7]. However, MIG
welding process can be possible to function semi-automatic operating mode with its comparatively easier
applicability, better economy with the availability of high welding speed and suitability to operate long continuous
welds on heavy gauge objects, making it as the dominant welding technology in industrial sector [5,6]. In the
solid-state welding namely, Friction Stir Welding (FWS) which is not required liquid phase cooling during



welding, the welding defects such as porosity, solution redistribution, distortion and liquation cracking can be
avoided and the joints with better mechanical strength can be produced [8,9]. However, this welding method has
some limitation such as the selection of appropriate shape and specific material of a tool must be required and the
plates to be joined must be tightly fastened, limiting the flexibility of the process to some extent [10,11]. In the
fusion welding of 6082-T6 aluminum alloys, there are three main challenges needed to be controlled by the
welders, which detrimentally deteriorate the mechanical performance of the joints: porosity formation [12],
liquation cracking [13] and softening effect in the heat-affected zone (HAZ) [14]. Porosity introduced in the weld
zone (WZ) is primarily related to the high solubility of hydrogen in the molten state of aluminum during welding.
Liquation cracking occurs due to the combined effect of thermal stress and solidification shrinkage of the liquid
aluminum generated during welding. Generally, these types of defects that induce large residual stresses and
decrease the strength of the welded joints can be eliminated or reduced by optimizing the welding conditions and
parameters. However, the mechanical weakness in the HAZ through welding thermal cycles is unavoidable in
aluminum welding because the induced welding temperature above -0.7 Tm can be over-aged the HAZ within in
a few seconds [15]. Metallurgical transformations and/or softening due to over-ageing of strengthening
precipitates makes the HAZ of 6082-T6 aluminum alloys weakened and consequently, the reduction of
mechanical strength of welded joints, especially in the repair joints, is occurred.

The repair welding is performed whenever it is necessary for not only maintenance of welded structures to
extend the service life but also fixing of poor welded structures with one or more welding defects, such as pores
and cracks [16,17]. The repair joints will suffer twice as much the over-ageing effect in the HAZ because of
additional thermal cycles of repairing and as a result, the repair joints may be further strength reduction. Few
studies are available in the literature about the mechanical properties of repair welding of aluminum alloys. The
groove defect in aluminum alloy (AA) 2219 welds made by FSW was repaired by Liu et al [18] It was reported
that the tensile strength of repair joints was weakened due to the formation of fine cavity defects and aggregation
of brittle Al,Cu phases. Katsas et al [17] studied microstructural changes in fusion zone after repair welding in
AA 5xxx using ER 5183 filler by MIG welding and reported that grain coarsening and porosity in the fusion zone
weakened the mechanical properties of repair joints. Shankar et al [16] investigated fatigue crack behavior in
repair welding of AA 5083 welds by MIG welding and found out that the residual fatigue life of the welded joints
was decreased due to the larger size and greater amount of defects introduced after repair welding. Thus, during
repair welding, microstructural transformations and defects may further be introduced in the weld joints due to
the additional thermal cycles during welding, and thereafter lead to a weakened joint compared to the original
sound weld [19,20]. Therefore, special attention should be paid on the effect of welding thermal cycles of AA
6082-T6 repair welding and their related mechanical properties. The repair weldments can provide the required
quality or not is still unknow while the reliability and safety are priority in transportation services.

Extensive research in the conventional TIG welding process has been recently available in the literature [23-
25]. Baskautis et al [21] explored the tensile strength of the TIG-welded AA 6082-T6 joints by varying the groove
angles of the plates and welding currents. Wan et al [22] optimized the tensile strength of the TIG-welded joints
of aluminum alloy by controlling the weld geometry such as penetration depth, weld width and weld
reinforcement. Shanavas et al [23] investigated the influence of TIG welding currents and gas flow rate on the
tensile strength of AA 5052 H32 plates and compared it with the welded joint produced by FWS. Chaurasia et al
[24] studied the residual stress and mechanical properties of the welded joints produced by TIG and FWS. Sirohi
et al [25] prepared the dissimilar welded joint of modified 9Cr-1Mo and SS 304 using TIG process and studied
the effect of post-weld heat treatment on metallurgical and mechanical properties. Pandey et al [26] studied the
softening mechanism of TIG-welded P91 steel by performing two different types of heat treatments including the
post-weld direct tempering (PWDT) and re-austenitizing based tempering (PWNT). Pandey et al [27] also
examined the relation of microstructural evolution and mechanical behavior of TIG-welded P92 steel subjected
to PWDT. From the literature, no study has researched the effect of repeated thermal cycles on the microstructure
and mechanical properties of repair welding of AA 6082-T6 weldments. Moreover, there is rarely reported that
how the two different fusion welding processes contributed on their properties.

This study investigated the microstructural and mechanical properties of repair weldments of AA 6082-T6 by
MIG and TIG welding processes using ER 4043 filler to explore how the two different welding processes influence
on the mechanical characteristics of repair welds of an aluminum alloy, by examining the physical appearance
and weld profile, microstructure, and hardness, tensile properties.

2. Materials and methods

In this study, AA 6082-T6 plate with a thickness of 6 mm was employed as the base material, and Erbium
(ER) 4043 with 1.2 mm diameter as the consumable filler. The chemical compositions and mechanical properties
of the base material and the filler are shown in (Table 1). Firstly, AA 6082-T6 plates were cut into the dimensions
of 300 x150 mm. Then, the plates were welded in a butt joint position with a groove angle of 60° having a root
opening of 1 mm, as shown in (Figure 1). Before welding, the aluminum plates and filler were carefully cleaned



using stainless steel brush wire followed by acetone cleaning, to make free from surface impurities such as oxides,
grease, oil, and dust.

Table 1 Chemical compositions and mechanical properties of AA 6082-T6 and ER 4043 filler [28].
AA Chemical Elements (%)

6082-T6  composition  Si Fe Cu  Mn Mg Cr Zn Ti Al
0.7-13 050 0.10 04-1.0 0.6-1.2 0.25 0.20 0.10 Bal.
Mechanical Tensile strength Yield strength Elongation Hardness high
properties (MPa) (MPa) (%) voltage [HV]
310 260 6 110
ER 4043  Chemical Elements (%)
composition  Si Fe Cu  Mn Mg Cr Zn Ti Al
45-6.0 0.15 0.03 0.007 0.003 0.001 0.004 0.01 Bal
Mechanical Tensile strength Yield strength Elongation Hardness
properties (MPa) (MPa) (%) [HV]
165 130 1.2 60

MIG welded joints were prepared using MIG direct current electrode positive (DCEP) with a constant welding
DC current of 135 A, an applied welding arc voltage of 20 V and a travel speed of 55 cm/min. Pure argon
(>99.999% purity, Grade 5.0) was used as the shielding gas with a flow rate of 25 L/min. TIG welded joints were
generated using alternating current polarity, and the welding AC current and arc voltage were set to 160 A and 15
V with a travel speed of 20 cm/min. The shielding gas (pure argon) was supplied at a flow rate of 15 L/min. For
the as-welds (AWs), the first (1) and second passes (2) were welded on the beveled side, then back-gouged by
grinding and welded for the third pass (3). After that, the repair welds (RWs) were made by re-welding after
removing the passes of the AW by grinding. Joint details and sequence of processing the passes are illustrated in
(Figure 1, 2). The AW and RW made by MIG welding process were denoted as MIG AW and MIG repair weld
(RW), and those made by TIG welding process were denoted as TIG AW and TIG RW, respectively.

All welded joints were cross-sectioned, ground with SiC paper up to 2,500 grits, and polished using 1 p
alumina solution and etched with Keller’s reagent in accordance with standard metallographic technique. The
physical appearance of weld beads was firstly observed by visual inspection to make sure that the applied welding
parameters produced the good joints. The weld profiles were observed under an optical microscope (Olympus
SZ2-ET). The grain size was evaluated by the lineal intercept method [29]. An optical microscope (Olympus
Scope.Al) was used to distinguish the microstructures of the welded joints. Tensile strength was evaluated by
tensile tester (Hounsfield model H100KS universal machine) according to the standard AWS D1.2 [30]. Hardness
was measured on Zwick/Roell ZHU hardness tester at every 1 mm interval under a constant load of 100 gram
force (GF) along the transverse section of welding parts through weld metals (WMs), HAZ and the base metal
(BM).

60°
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Figure 1 Welded joint geometry.
N 150 mm (Buging
Qs& Kront Front Back
/ A o
6 mm A5 @ “\_ @
(;ougmg ‘ @
As-weld
—0) ~0 =
‘ /(‘ ouging w
J “o A
Y~

Figure 2 Sequence of the weld passes for AW and RW.



3. Results and discussion
3.1 Physical appearance

The physical appearance of weldments produced by MIG and TIG welding are shown in (Figure 3). It could
be observed that both the MIG and TIG welded joints showed the good weld appearance before and after repair
welding. In addition, the smooth and homogeneous surfaces of the weldments were observed in the MIG welded
passes while the weld bead patterns were more distinct in the TIG welded passes. All welded joints were free from
defects such as crack, undercut, slag inclusion, lack of penetration and lack of fusion.

Figure 3 Physical appearance of weldments made by MIG and TIG welding: (A) front side and (B) back side of
MIG AW, (C) front side and (D) back side of MIG RW, (E) front side and (F) back side of TIG AW, and (G)
front side and (H) back side of TIG RW.

Figure 4 shows the cross-sections of the MIG and TIG welded joints before and after repair welding. (It could
be observed that) all welded joints exhibited good penetration. However, some defects were also formed in TIG
welded joints. The good weld reinforcement was found on MIG welded samples while the uneven and excessive
reinforcement was observed on the TIG welded samples. In addition, concave structures of the weld passes were
also appeared in the TIG welded samples. This is related to the high applied TIG welding current and low welding
voltage.

3 mm

3 mm

Figure 4 Cross-sectional image of weldments; (A) MIG AW, (B) MIG RW, (C) TIG AW and (D) TIG RW.



3.2 Microstructures of the welded joints

Microstructures of BM, HAZs and WMs of the MIG and TIG welded joints are shown in (Figure 5, 6),
respectively. BM microstructure (Figure 5A) indicated the distribution of second phase particles in the rolling
direction in the matrix aluminum a solid solution. The HAZ and WM microstructures of the MIG as- AW and
RW are illustrated in (Figures 5 B, 5C and 5D, 5E) whereas those of TIG AW and RW are illustrated in (Figures
6A, 6B and 6C, 6D). In all joints, it was evident that the directional solidification of the weld by the variation of
grain structures from edge to weld center during welding. The microstructure evolution at the fusion zone (FZ)
could be characterized by epitaxial nucleation and growth. The elongated grains appeared at the edges of the weld
where the solidification process started first and equiaxed grains at the WM where the solidification ended. As
expected, the grain sizes and grain structures of WM remained almost unchanged after repair welding in both
MIG and TIG welds. The weld passes on the front side of the RW were repaired after removing mechanically that
of AW, resulting in an identical microstructure in that zone. However, in the MIG welded joints, the grainy
dendrite structures were formed in the WM whereas a fraction of non-equiaxed dendrite structures was included
in the WM of the TIG welded joints. On the other hand, in the partially melting zones (PMZs), wider grains
appeared in the TIG welded joints. This is directly related to its heat input experienced by the base metal, which
can be expressed by the following Equation 1 [31,32]:

Figure 5 Microstructures of the MIG welded joints before and after repair welding: (A) BM, (B) HAZ AW, (C)
WM AW, (D) HAZ RW and (E) WM RW.

Q = VI/(1,000 S) (1)

where, Q is heating input (kJ/mm), 1 is the thermal efficiency (0.6), S is welding speed (mm/min) and V and
I are the applied arc voltage (V) and welding current (A), respectively.

The higher heat input generated in TIG welding made the grains in PMZs wider than those for MIG welding.
In addition, the change in HAZ zone microstructures was observed after repair welding as shown in (Figure 5B,
5D), and (Figure 6A, 6C). The HAZ can be divided into two sub-zones: the one near the fusion line is specified
as PMZ and the other one far from the fusion line as an over-ageing zone (OZ). The enlarged grains could be
visible at PMZ near the fusion line after repair welding irrespective of welding processes. This could be attributed
to double welding thermal cycles in the HAZ of the RWs compared with the AWs. In addition, in the OZ, the
over-ageing of strengthening precipitates was microstructurally observed in the TIG welded joints before and after
repair welding.



Figure 6 Microstructures of the TIG welded joints before and after repair welding: (A) HAZ AW, (B) WM AW,
(C) HAZ RW, and (D) WM RW.

3.3 Hardness test

The hardness profiles of MIG and TIG weldments before and after repair welding are shown in (Figure 7). It
can be observed that the hardness variations through WM, HAZ and BM were literally/closely related to the
change in microstructure in those zones. The average harnesses of 59, 58.7, 64.7 and 60.7 HV were measured in
the WMs of MIG AW, MIG RW, TIG AW and TIG RW, respectively. The composition of ER 4043 filler is
ascribed to those hardness values of WMs. However, the WM hardness values of the TIG welded joints were
slightly higher than those of the MIG welded joints. The presence of non-equiaxed dendrite grains in the WM of
the joints fabricated by the TIG welding as shown in (Figure 6A, 6D) is responsible for higher hardness values.
As can be seen in (Figure 7), the PMZs gave the higher hardness than the WMs in all joints. It is directly associated
with the availability of Si from the filler to form Mg,Si precipitates in that zone during recrystallization, which
can be seen as deformed grains near the fusion line [21,33]. The lowest hardness was observed in the over-ageing
zones of the welded joints where precipitation coarsening or/and phase transformation of B” — '— B in the
temperature range 500-240°C was occurred [34,35]. Therefore, it is evident that the over-ageing zones were
represented as the weakest regions over the different areas in all joints. As usual, the BM provided the highest
hardness over the different regions in all joints due to the supply of hardening precipitates of AA 6082-T6 as
discussed previously. The full recovery of the hardness of BM was achieved approximately at 10 mm from the
weld center.

It can be seen from the graph that the TIG welded joints produced the lower hardness values in the over-ageing
zones than the MIG welded joints. The HAZ hardness of welded joints varied on the difference in microstructures
and heat input (welding technique). The higher heat input generated in TIG welding made the cooling rate slower
and grain spacing wider in PMZ, resulting in the lower hardness in that zone of the TIG welded joints. In addition,
the coarsening of strengthening precipitates observable in the over-ageing zone of the TIG welded joints as shown
in (Figure 6A, 6C) exhibited the lower hardness in that zone.

On the other hand, the overall hardness of RW was lower than the AW, especially in the over-ageing zone.
The welding thermal cycles subjected were double in the RWs so that it could be expected the more over-ageing
effect in that zone of the RW. Moreover, the grain coarsening was observed in the HAZs after repair welding as
discussed previous section. Here, it should be noted that the over-ageing zone of MIG welded joints lied at a
distance of 8 mm whereas those of TIG welded joints at 7 mm. It is obvious that HAZs of MIG welded joints
were slightly wider than those of TIG ones. This phenomenon could be related to different current input modes
used in MIG and TIG welding. TIG welding utilizes alternating current polarity during welding whereas MIG
welding utilizes direct current. Therefore, the stable heat input generated during MIG welding made the HAZs
slightly wider.
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Figure 7 Hardness profiles of the MIG and TIG welded joints of the AA 6082-T6 plates before and after repair
welding.

3.4 Tensile properties

The tensile properties of MIG and TIG AWs and RWs are shown in (Table 2). All welded joints fractured at
HAZs under tension load as shown in (Figure 8). This is primarily due to the loss of strength in the HAZ by the
over-ageing effect during welding. It can be observed that the tensile strength and yield strength of MIG as-weld
are 199.6 MPa and 152.5 MPa, respectively, and after repair welding, tensile strength and yield strength decreased
to 178.9 MPa and 145 MPa, respectively. Likewise, a reduction of tensile strength and yield strength were also
occurred in TIG welded joints after repair welding. Therefore, it can be inferred that the decrease in strength of
welded joints after repair welding must be due to a decrease of hardness in the over-ageing zone resulted from the
loss of strengthening constituents, caused by double heat cycles.

Then, the tensile strength and yield strength of TIG welded joints were lower than those of MIG welded joints.
These results are consistent with the hardness test. This phenomenon is closely related to lower hardness values
in HAZs due to higher heat input generated during welding as discussed above. Moreover, the lower tensile
strength is associated with the poor weld reinforcement of the welded joints generated by TIG welding as
presented in (Figure 4). Therefore, according to these experimental results, in each welding parameters, the MIG
welding is preferred for repairing AA 6082-T6 plates using ER 4043 filler.

Table 2 Tensile properties of the MIG and TIG welded joints of the AA 6082-T6 plates before and after repair
welding.

Description UTS (MPa) YS (MPa) % Elongation Joint Efficiency (%)
AA 6082-T6 310.0 260.0 6.0 -

MIG AW 199.6 152.5 6.6 64.4

MIG RW 178.9 145.0 7.1 57.7

TIG AW 172.2 152.5 7.7 55.5

TIG RW 168.1 141.0 7.7 54.2

Figure 8 Fracture specimens of (A) MIG RW and (B) TIG RW of the AA 6082-T6.



4. Conclusion

A comparative study on the microstructural characteristics and mechanical properties of 6082-T6 aluminum
alloy repair welds fabricated by MIG and TIG welding processes were performed. From the experimental results,
the following conclusions can be drawn:

The tensile strength and yield strength of TIG welded joints were lower than those of MIG welded joints. The
lower hardness in the HAZs and the poor weld reinforcement of the welded joints generated by TIG welding made
the strength of TIG welded joints lower.

A reduction in mechanical strength of AA 6082-T6 welded joints was occurred after repairing regardless of
the welding techniques because the hardness of HAZ was decreased after repair welding due to the double welding
thermal cycles subjected to RWs.

The hardness of TIG welded joints were lower in the HAZs than MIG welded joints. The microstructurally
observable coarsening of strengthening precipitates in the over-ageing zone and the wider grains in PMZ of the
TIG welded joints due to the high TIG heat input resulted in the lower hardness in the HAZs of the TIG welded
joints.

The HAZ hardness of the repair joints were lower than the as-weld joints irrespective of welding techniques.
The grain coarsening in the PMZs and the double over-ageing effect in the over-ageing zones after repair welding
were responsible for lowering the hardness.
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