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In this study, aluminum 6061-T6 alloy sheets with a thickness of 3 millimeters were 
welded using the TPS/i MIG welding process. Welded samples were joined in the 
shape of butt joints. Argon was used as the welding shield gas, and the welded joint 
procedures were carried out at various shielding gas flow rates. Tensile strength and 
hardness values of the welded 6061-T6 aluminum alloy sheets were determined, and 
their microstructure and macrostructure were investigated using an optical 
microscope. The weldability of 6061-T6 aluminum sheets was investigated using the 
MIG welding process (TPS/i), and the impact of various shielding gas flow rates on 
mechanical parameters, macrostructures, and microstructures was studied. 

 
1. Introduction 
 
1.1. Aluminum's main features 
 
Aluminum is a widely used and versatile metal 
that plays a crucial role in various industries, 
including aerospace and construction. Its low 
weight, corrosion resistance, and excellent 
thermal conductivity make it an ideal material for 
transportation across air, land, and sea, 
particularly in applications demanding a high 
strength-to-weight ratio.  
 
The mechanical properties and strength of pure 
aluminum have been enhanced by incorporating 
alloying elements such as silicon, magnesium, 
and copper. As a result of advancements in 
aluminum alloy production, aluminum can now 
be employed in demanding environments, 
including aerospace and marine applications [1-
10]. 
 

The 6061-T6 aluminum alloy examined in this 
study has a high concentration of magnesium and 
silicon. It is distinguished by its superior 
strength, excellent corrosion resistance, ease of 
fabrication, and good weldability. The T6 
hardening process is a heat treatment that 
enhances the mechanical properties of aluminum 
alloys, particularly yield strength, tensile 
strength, and hardness in 6061 [11-15]. 
 
1.2. Welding procedure, MIG welding method 
and TPS/i 
 
Welding is a widely utilized manufacturing 
technique across various industries, such as 
aerospace, automotive, and energy, for joining 
metals and thermoplastics. The resulting 
connection is known as a welded joint [16-18].  
 
In the MIG/MAG welding process, the heat 
produced by an electric arc between a 
consumable metal electrode and the workpiece 
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generates a weld pool, which facilitates the 
fusion of the electrode and workpiece to create a 
welded joint. 
 
In the MIG welding process, an inert gas such as 
argon or helium shields the arc and weld pool, 
whereas in the MAG welding method, an active 
gas like carbon dioxide protects them from 
environmental influences and contaminants. The 
MIG/MAG welding technique is widely used for 
welding low-alloy and unalloyed steels, high-
alloy steels, stainless steels, and aluminum 
components [19-24]. 
 
Welding aluminum presents several challenges 
due to its inherent properties. Aluminum exhibits 
a strong affinity for oxygen, leading to the 
formation of an Al₂O₃ oxide layer on its surface. 
This oxide layer has a significantly higher 
melting point (2050°C) than aluminum itself, 
which melts at a much lower temperature. 
Consequently, it is essential to take preventive 
measures to inhibit oxide formation before 
welding. Moreover, aluminum and its alloys 
possess a high thermal conductivity, 
necessitating a greater heat input compared to 
steel to achieve the required heat concentration at 
the welding site.  
 
Due to aluminum’s substantial thermal 
expansion, welding processes often result in 
considerable distortions and internal stresses. 
Failure to implement appropriate precautions can 
lead to stress-induced cracks. Hot cracking is 
particularly prevalent in alloys with a broad 
solidification range, such as AlMn, AlSi, AlCu, 
and AlMg, and typically occurs along the solidus 
line or within the solidification zone. The most 
common challenges encountered in aluminum 
welding include oxidation, porosity, 
contamination, and hot cracking [25].   
 
TPS/i (TransPuls Synergic/intelligent) is a 
pulsed-arc MIG/MAG welding system. Synergic 
refers to the machine's real-time adjustment of 
welding parameters such as voltage, current, wire 
feed speed, and other settings. This functionality 
means that if you modify one parameter, the 
others are automatically modified to provide the 
optimum overall welding performance. This can 
help welders, especially those without prior 
welding expertise, produce consistent, high-

quality welds with minimal human intervention 
[26].  
 
Shielding gas in MIG welding serves to protect 
the weld pool from contamination while also 
affecting various welding characteristics. These 
include arc stability, metal transfer type, 
penetration, wetting, weld seam geometry, heat 
input, welding speed, weld metal composition, 
smoke production, and mechanical properties. 
Increasing the shielding gas flow rate improves 
penetration and bead width but has minimal 
impact on deposition rate and bead size. 
Conversely, reducing the flow rate decreases 
penetration and bead width without affecting 
deposition rate or bead size. The optimal 
shielding gas flow rate depends on several 
factors, such as welding current, joint geometry, 
gas type, nozzle size, welding position, metal 
transfer mode (short arc, long arc, or spray arc), 
workpiece material (e.g., aluminum, stainless 
steel, or carbon steel), material thickness, joint 
preparation, and cost [27, 28]. 
 
During welding, the electrode, weld bead, and 
weld pool are subjected to various forces, 
including electromagnetic force, plasma shear 
voltage, arc pressure, surface tension, and 
gravity. The droplet detaches from the electrode 
tip and is transferred to the weld pool, where it 
solidifies to form the weld bead. This process is 
governed by the balance of these forces and is 
significantly influenced by welding parameters, 
particularly shielding gas. Shielding gases play a 
crucial role in altering these forces, thereby 
affecting metal transfer mode, weld penetration 
shape, weld bead size and form, and other 
welding characteristics. Therefore, selecting the 
appropriate shielding gas is essential for 
optimizing welding performance and minimizing 
the risk of fusion defects that could compromise 
structural integrity [29, 30].  
 
In addition to optimizing parameters such as 
welding current and torch angle, the proper 
selection and use of shielding gases play a crucial 
role in determining weld quality. The shielding 
gas flow rate significantly impacts the final weld 
outcome; an insufficient flow rate fails to 
adequately protect the weld area, leading to 
contamination by atmospheric gases. This issue 
is typically mitigated by increasing the shielding 
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gas flow rate. However, an excessively high flow 
rate can create turbulence, drawing in 
atmospheric gases and compromising weld 
integrity. Due to the intense heat within the arc 
column, atmospheric gases become dissociated, 
absorbed, and dispersed into the weld pool. If 
buoyancy forces are insufficient to allow these 
gases to escape from the molten metal, porosity 
develops, trapping gas bubbles and resulting in 
voids within the solidified weld [31-36]. 
 
Argon is the most widely used gas in the industry 
due to its availability and lower cost compared to 
other inert gases. Since it is denser than air, it is 
primarily suitable for shielding welds in flat 
positions and deep groove joints, requiring a 
lower flow rate. Pure argon is commonly used for 
welding aluminum and other nonferrous metals. 
It offers excellent arc stability, effective cleaning 
action, and strong arc initiation properties. 
Additionally, it efficiently generates plasma, 
ensuring a steady and smooth-burning arc while 
exhibiting excellent electrical conductivity [37].  
 
This study examines the TPS/i welding of 6061-
T6 aluminum sheets using aluminum-based 
welding wire. The results indicate that while the 
welded samples exhibited lower strength than the 
base material, they still met the required 
acceptability standards. This article primarily 
explores the microstructure, strength 
characteristics, and welding processes of 
aluminum sheet joints produced using the TPS/i 
welding technique. 
 
2. Material and Method 
 
This study utilized 6061-T6 aluminum alloy 
sheets, commonly used in railway car 
construction. The chemical composition of these 
aluminum alloy sheets is presented in Table 1. 
 

Table 1. Chemical composition of 6061-T6 
aluminum alloy sheets ((Elements (wt%)) 

Fe  Si Mn Cr Ti 
0.451 0.653 0.123 0.144 0.0466 
Cu Mg Zn Al  

0.242 0.844 0.0612 97.5  
 
The mechanical characteristics of 6061-T6 sheets 
are presented in Table 2. 
 

Table 2. Mechanical properties of 6061-T6 
aluminum alloy sheets 

Yield 
Strength 
(N/mm2) 

Tensile 
Strength 
(N/mm2) 

Elongation (%) 

260 285 12 
 
The 6061-T6 aluminum alloy sheets were cut to 
dimensions of 150×300×3 mm. The dimensions 
of the samples are illustrated in Figure 1. 
 

 
Figure 1. Dimensions of cut parts (mm) 

 
Figure 2 shows the measurements of the welded 
samples. 
 

 
Figure 2. Dimensions of welded parts (mm) 

 
The samples were chemically pre-cleaned with 
isopropyl alcohol before welding. Al 5356 
welding filler metal, with a thickness of 1.2 mm, 
was used for the welding process. The welding 
was conducted in the PA position using a butt 
joint (BW) configuration. High-quality argon 
served as the shielding gas, with three different 
flow rates selected: 5 l/min, 12 l/min, and 20 
l/min. The chemical composition of the welding 
filler wire is presented in Table 3. 
 
Table 3. Chemical composition of Al 5356 welding 

filler wire ((Elements (wt%)) 
Fe  Si Mn Cr Ti 

0.40 0.25 0.10 0.10 0.10 
Cu Mg Zn Al  
0.10 4.75 0.10 94.1  

 
2.1. Welding procedure 
 
The aluminum sheets were welded using a MIG 
welding machine (Fronius TPS 400i), where the 
shielding gas flow rates were varied while 
maintaining all other parameters constant. MIG 
welding (TPS/i) was carried out at three different 
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shielding gas flow rates: 5 l/min, 12 l/min, and 20 
l/min. The welding parameters used are 
presented in Table 4. 
 

Table 4. Welding parameters used in the welding 
process 

Current (A) Voltage (V) Advance Speed 
(cm/min) 

110 18.1 50 
110 18.1 50 
110 18.1 50 

Wire Feed 
Speed 

(m/min) 

Free Wire 
Length 
(mm) 

Shielding Gas 
Flow Rate 

(l/min) 
6.4 15 5 
6.4 15 12 
6.4 15 20 

 
Figure 3 presents a representative image of the 
welded test samples. 
 
 

 
Figure 3. Sample image of welded parts 

 
Figure 4 displays the tensile, notch impact, and 
microstructure test samples. 
 

   
Figure 4. Tensile test, notch impact test and 

microstructure test samples a) 5 l/min (19), b) 12 
l/min (18), c) 20 l/min (20) 

 

2.2. Characterization of materials 
 
The chemical analysis of the aluminum sheet and 
aluminum welding filler wire used in the 
experiments was conducted using a spectrometer 
(Spectrolab 5M). Additionally, tensile testing 
was performed with an Instron 300DX, notch 
impact testing with an Instron 300FT, and 
hardness testing with a Qness Q700M. The 
equipment used is shown in Figure 5. 
 

    
 

    
Figure 5. Devices used for testing welded samples, 

spectrometer instrument (a), tensile tester (b), 
notched impact tester (c), hardness tester (d) 

3. Results and Discussion 
 
3.1. Tensile test results 
 
Figures 6, 7, and 8 present the tensile testing 
results of the samples welded using different 
shielding gas flow rates. The tensile tests were 
conducted in accordance with the TS EN ISO 
6892-1 standard. 
 
The tensile strength and elongation values of 
samples welded at varying gas flow rates were 
measured using a tensile testing apparatus and 
presented in diagrams. 
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Figure 6. Graphical representation of tensile test 

samples which welded at a weld shield gas flow rate 
of 5 liters per minute 

 

 
Figure 7. Graphical representation of tensile test 

samples which welded at a weld shield gas flow rate 
of 12 liters per minute 

 
The results of the tensile tests are presented in 
Table 5. The tensile test results indicate that the 
sample welded with a shielding gas flow rate of 
5 l/min has an average yield strength of 186 MPa, 
a tensile strength of 215 MPa, and an elongation 
of 10%. The sample welded at 12 l/min exhibits 
an average yield strength of 181 MPa, a tensile 
strength of 204 MPa, and 9% elongation. 
Meanwhile, the sample welded at a shielding gas 
flow rate of 20 l/min shows an average yield 
strength of 166 MPa, a tensile strength of 222 
MPa, and an elongation of 10%. 
 

Table 5. Table of tensile test results 
Shielding 
Gas Flow 

Rate 
(l/min) 

Yield 
Strength 
(MPa) 

Tensile 
Strength 
(MPa) 

Elongation 
(%) 

5 186  215 10 
12 181 204 9 
20 166 222 10 

 
 

 
Figure 8. Graphical representation of tensile test 

samples which welded at a weld shield gas flow rate 
of 20 liters per minute. 

 
According to the acceptance criterion specified 
in Table 2 of the EN 15614-2 Standard: 
Specification and Qualification of Welding 
Procedures for Metallic Materials–Arc Welding 
of Aluminium and Its Alloys, the tensile strength 
of the welded material must be at least 70% of 
the base material's tensile strength. The 
weldability results meet this requirement and are 
deemed satisfactory across all shielding gas flow 
rates. 
 
Welded joints exhibit lower strength and 
elongation compared to the base metal region due 
to the heterogeneous microstructure that 
develops in different areas of the weld. The 
formation of a dendritic structure in the weld 
metal and grain coarsening in the heat-affected 
zone (HAZ) contribute to the reduction in tensile 
strength compared to the columnar grain 
structure of the base metal. Under tensile loading, 
stress becomes concentrated in the softened 
HAZ, ultimately causing the welded specimen to 
rupture. This is primarily attributed to the 
dissolution of hardening precipitates in the HAZ 
during the welding process [38]. 
 
3.2. Notch impact test results 
 
To evaluate the energy absorbed by the welded 
samples during fracture under applied force, two 
specimens were taken from the base material, 
heat-affected zone (HAZ), and weld seam 
regions. A notch impact test was conducted, and 
the results are presented in Table 6. The test was 
performed using a V-notch in the welded 
samples, following the TS EN ISO 9016 
standard. 
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Table 6. Notch impact test results 
Impact Toughness at 23°C (Joule) 

Shielding 
Gas Flow 

Rate 
(l/min) 

Base Metal HAZ Welded 
Metal 

5 33 27 20 
12 33 33 33 
20 33 30 33 

Impact Toughness at -20°C (Joule) 
Shielding 
Gas Flow 

Rate 
(l/min) 

Base Metal HAZ Welded 
Metal 

5 33 27 20 
12 33 33 27 
20 33 33 27 

 
An analysis of the notch impact test results 
revealed a reduction in impact toughness in both 
the heat-affected zone (HAZ) and the weld metal 
region at all temperatures when using a shielding 
gas flow rate of 5 l/min. At a shielding gas flow 
rate of 12 l/min, impact toughness decreased in 
the weld metal region at -20°C. Similarly, at a 
shielding gas flow rate of 20 l/min, impact 
toughness declined in the HAZ at 23°C and in the 
weld metal region at -20°C. The decrease in 
notch impact strength with temperature is 
attributed to the material transitioning below the 
ductile-brittle transition temperature. 
 
3.3. Hardness test results   
 
The hardness of the welded samples was tested 
on the base metal, HAZ, and welded metal 
regions. Table 7 shows the results of the hardness 
test. 
 

Table 7. Hardness test results 
Shielding 
Gas Flow 

Rate (l/min) 

Base 
Metal 
(HV) 

HAZ 
(HV) 

Welded 
Metal 
(HV) 

5 63.5  63.5  63.5 
12 72.4  52.1  65.5 
20 71.6  67.1  58.5 

 
An analysis of the hardness test results revealed 
only a slight difference in hardness between the 
base metal and the weld metal across all three 
samples. This is attributed to the use of an 
aluminum filler metal with properties similar to 
those of the base metal. However, the hardness in 
the heat-affected zone (HAZ) was lower than in 
both the weld metal and base metal. This 

reduction in hardness is primarily due to grain 
structure coarsening in the HAZ and the loss of 
strength resulting from heat input during 
welding. 
 
The reduction in hardness and strength in welded 
joints can be attributed to precipitate phase 
transformations, grain coarsening, and changes 
in the dissolved element content. The 
microhardness values are expected to show a 
slight increase from the base metal toward the 
heat-affected zone (HAZ), while a slight 
decrease in hardness is anticipated from the HAZ 
toward the weld region. 
 
An analysis of the hardness test results showed a 
slight difference in hardness between the base 
metal and weld metal regions in the samples 
welded at 12 l/min and 20 l/min. The heat-
affected zone (HAZ) exhibited lower hardness 
compared to both the weld metal and base metal, 
primarily due to grain structure expansion and 
the loss of strength caused by heat input in this 
region. In contrast, the hardness values were 
consistent across all regions in the sample welded 
at 5 l/min.  
 
The softening of the heat-affected zone (HAZ) in 
6061-T6 aluminum alloy is influenced by various 
complex factors, including precipitate phase 
transitions, changes in elemental composition 
within the matrix, and variations in grain size. 
However, research on the microscopic 
mechanisms underlying HAZ softening in 
welded 6061-T6 aluminum alloy remains 
limited. Additionally, the extent to which these 
factors contribute to HAZ softening has not yet 
been fully established. 
 
3.4. Macrostructure results 
 
Figure 9 presents macrostructure images of all 
three samples. The weld cap and weld root areas 
formed at different shielding gas flow rates, as 
well as the welding defects that occurred, were 
assessed following the welding process. 
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Figure 9. Macrographs of welded samples, a) 5 

l/min shielding gas flow rate, b) 12 l/min shielding 
gas flow rate, c) 20 l/min shielding gas flow rate 

 
As shown in the figure, the sidewall and root 
penetrations of all welded samples are within 
acceptable limits. The smallest weld cap size was 
recorded in the sample welded with a shielding 
gas flow rate of 5 l/min. Additionally, excessive 
root sagging was observed in this sample. 
 
3.4. Microstructure results 
 
Microstructure images were captured from 
multiple locations on the welded samples. To 
obtain microstructure images, the samples were 
sanded using 60–1200 grit sandpaper, polished 
with an alumina solution and polishing felt, and 
then etched with Keller’s reagent (1 ml HF, 1.5 
ml HCl, 2.5 ml HNO₃, 95 ml H₂O). After etching, 
the samples were examined under an optical 
microscope, and images were captured. Figures 
10, 11, and 12 display the microstructure images 

of the base metal, heat-affected zone (HAZ), and 
weld metal regions of the welded samples at 
100X magnification. 
 

 
 

 
 

 
Figure 10. Micrograph images of the welded sample 
with 5 l/min protective gas flow rate, a) Base metal 

100X, b) HAZ 100X, c) Welded metal 100X 
 

After welding, distinct structural formations 
were observed in the base metal, heat-affected 
zone (HAZ), and weld metal regions. The 
microstructure of the welded samples can be 
broadly divided into three distinct regions: the 
weld region, the heat-affected zone (HAZ), and 
the base metal region. The weld region primarily 
consists of numerous dendritic grain structures 
along with equiaxed grains. 
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Figure 11. Micrograph images of the welded sample 
with 12 l/min protective gas flow rate, a) Base metal, 
100X, b) HAZ 100X, c) Welded metal 100X 
 
A transition zone was present between the weld 
region and the heat-affected zone (HAZ). The 
microstructure of the HAZ was characterized by 
changes in grain morphology. The area of the 
HAZ closest to the weld experienced significant 
heating, leading to recrystallization within the 
rolled microstructure and the formation of large 
grains. This increase in grain size influences the 
mechanical properties of the welded joint, 
contributing to softening in the HAZ. 
 
Additionally, the thermal cycling during welding 
alters the alloy's microstructure, further 
impacting the mechanical properties of the weld. 
 

 
 

 
 

 
Figure 12. Micrograph images of the welded sample 
with 20 l/min protective gas flow rate, a) Base metal 

100X, b) HAZ 100X, c) Welded metal 100X 
 
According to the literature, grain boundaries in 
the HAZ tend to grow as Mg₂Si structures due to 
the formation of silicon- and magnesium-rich 
precipitates. In contrast, the base metal region 
primarily consists of small equiaxed grains [39-
44].  
The welding thermal cycle affects the normal 
phase transformation of Al-Mg-Si alloys such as 
6061-T6, and the β’’ and β’ phases formed during 
the Al-Mg-Si precipitation stages have a very 
important effect on the strength of Al-Mg-Si 
alloys. Their amount, size and distribution 
directly affect the mechanical properties of these 
alloys [45-49]. 
 
The complex welding thermal cycle in these 
alloys, along with the resulting variations in 
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dissolved element content across different 
regions of the joint, leads to microstructural 
transformations. These changes make it 
challenging to fully understand the underlying 
causes of the deterioration in the joint’s 
mechanical properties [50-52]. 
 
During the welding process of Al-Mg-Si alloys, 
the arc melts both the welding wire and a portion 
of the base metal, forming a molten pool. The 
temperature of this molten pool exceeds the 
dissolution temperature of the β′ and β′′ phases, 
causing the nanoscale β′ and β′′ phases in the base 
metal to completely dissolve. During the 
subsequent cooling process, these phases 
precipitate as large β-Mg₂Si phases. 
Additionally, some of the Mg element in the base 
metal is burned off during welding, contributing 
to the softening of the weld zone. The combined 
effects of β-Mg₂Si phase precipitation and Mg 
element loss lead to significant weld zone 
softening. Since the β-Mg₂Si phase is 
incompatible with the α(Al) matrix and provides 
minimal strengthening, it further exacerbates 
softening in the weld zone. The transformation 
behavior of the primary strengthening phase (β′′) 
in the base metal during the welding thermal 
cycle is the key factor responsible for this 
softening [53, 54]. 
 
Due to its low heat input characteristics and the 
absence of surface porosity and other defects on 
the weld surface, the TPSi welding method is 
suitable for use [55]. 
 
4. Conclusion 
 
The data obtained as a result of the study are 
shown below. 
 
- The welded samples exhibited lower tensile and 
yield strengths compared to the base metal. The 
tensile strength varied depending on the 
shielding gas flow rate. The highest tensile 
strength was observed in samples welded at a 
shielding gas flow rate of 20 l/min, while the 
highest yield strength was recorded in samples 
welded at a flow rate of 5 l/min. 
 
- An analysis of the notch impact test results 
revealed that the impact toughness of the heat-
affected zone (HAZ) and weld metal regions 

decreased at all temperatures when a shielding 
gas flow rate of 5 l/min was used. It was found 
that low shielding gas flow rates directly 
influence notch impact energy. 
  
- Vickers hardness values were determined for 
the base metal, HAZ, and welded metal regions 
in each shielding gas flow sample and found to 
be comparable.  
 
- An examination of the macrostructure images 
revealed that the desired weld filler metal height 
in the cap was not achieved in the sample welded 
with a shielding gas flow rate of 5 L/min. 
 
- An analysis of the microstructure samples 
revealed that the images obtained from the base 
metal, heat-affected zone (HAZ), and weld metal 
regions in all three samples were highly similar. 
 
In conclusion, 6061-T6 aluminum sheets, which 
are widely used in the industry, were successfully 
welded using the MIG welding process (TPS/i) 
with optimal shielding gas flow rate parameters. 
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