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Abstract: Welding is a manufacturing process, which uses heat or pressure to form a homogeneous weld when joining homogeneous or 

heterogeneous metal materials or thermoplastics. The last decade has been characterized by the intensive development of unconventional 

welding processes, which use friction as an energy source, and in developed countries have taken primacy over conventional welding 

processes. The modern welding process, known as Friction Stir Welding (FSW), offers many advantages over conventional Tungsten Inert 

Gas (TIG) and Metal Inert Gas (MIG) processes, both in terms of weld quality and environmental protection and in terms of saving time and 

materials needed to perform quality welding. This paper presents TIG, MIG and FSW welding technologies, with all the advantages and 

disadvantages, and the possibilities of their application in welding AA6082-T6 aluminum alloy (6xxx series), characterized by medium 

strength and outstanding corrosion resistance. 
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1. Introduction 
Welding is a technological process that has a wide range of 

applications in the manufacture of metal products in the mechanical, 

automotive, aviation, construction and energy industries. During the 

period after the First World War, there was an intensive 

development of welding, so during that time portable welding 

machines were developed in the protective atmosphere of inert and 

active gas.  

Nowadays, welding technology is at a highly advanced level, 

which makes it possible to use it in all conditions - in space, 

underwater, at high altitudes, etc., and precision machines have 

been constructed, which perform defined operations with lasers. 

Conventional welding processes, in developed industrial countries, 

are being replaced by new, unconventional ones, including Friction 

Stir Welding (FSW) or friction welding, patented in 1991 by The 

Welding Institute (TWI) in England. Originally, this welding 

process was intended solely for welding aluminum and its alloys 

[1]. 

FSW technology, in addition to its original use in aluminum 

welding, is now successfully used in welding copper, brass and 

various types of steel. In addition, the orbital variant of the FSW 

process is used for welding metal and plastic tubes, the spot welding 

is used in the automotive industry, and for complex shapes and 

contours, a robotic FSW procedure is in use [1]. 

The advantages of the FSW welding process over conventional 

technologies, primarily TIG and MIG, have been explained in the 

work of a number of researchers [2- 4]. The peculiarity of this 

process is reflected in the time and cost required to perform 

welding, and in the protection of health and the environment, as 

well as safety at work. 

This paper analyzes the welding of aluminum alloy 6xxx series 

(AA6082-T6) from the aspect of three technological processes, 

namely two melting welding processes (TIG and MIG) and one 

non-melting process (FSW). 

Welding aluminum is difficult for many reasons. Aluminum has 

a high thermal conductivity, a low melting point relative to the 

oxide layer, and an affinity for oxygen and hydrogen, which makes 

it difficult to weld. 

Based on research based on a large number of literature sources, 

this paper wanted to point out the possibility of applying certain 

methods for welding aluminum, namely its alloy AA6082-T6. 

2. Conventional welding processes 
2.1. Tungsten Inert Gas (TIG) 
TIG Technology, or Wolfram Inert Gas (WIG), or Gas 

Tungsten Arc Welding (GTAW) is arc welding with insoluble 

electrode in the protection of inert gas (argon, helium) or less often 

in a mixture of gases dominated by inert gas, whose original use 

binders for welding aluminum and its alloys thanks to the effect of 

cathodic cleaning [1, 5, 6]. 

Due to a number of advantages, this process is of use in welding 

a wide range of materials (steels, precious steels, heavy and light 

non-ferrous metals, etc.) in manual, semi-automatic or automatic 

applications. It found application in the automotive and aviation 

industries, shipbuilding, production of transportation systems, 

various overhaul works, etc. The obtained compounds of high 

quality are the reason that the TIG process is currently irreplaceable 

in the design and installation of pipelines, boiler, petrochemical 

industry, etc. Good process mobility allows it to be applied in all 

spatial positions. Nowadays, characterized by a high degree of 

automation and application of modern technologies, the field of 

application of the TIG process is significantly expanded. 

The main advantages of the TIG procedure are [5, 6]: 

 high quality joint - faultless joint, 

 no spattering - additional metal melts in the metal bath, does 

not transfer through the arc, 

 excellent weld root control, 

 precise control of welding parameters, 

 good control of the heat source and the way of introducing 

additional material, 

 no submerging, 

 a large number of welding positions and  

 possibility of welding of dissimilar metals. 

In addition to a number of advantages, which are more 

dominant, the TIG process has its disadvantages, such as: 

 relatively low welding speed and productivity, 

 requires a high level of training of welders, 

 inert gases are expensive, increasing the total cost of welding, 

 in addition to the occurrence of defects in the weld due to 

inadequate welding techniques, as a result of the electrode 

overheating, tungsten particles may be introduced into the 

weld, thus reducing the quality of the weld, 

 high cost of equipment and 

 increase UV radiation.  
2.2. Metal Inert Gas (MIG) 
The MIG welding process represents arc welding with a full 

soluble wire electrode in the protection of inert gas or gas mixtures 

with a predominant argon or helium content. 

This procedure is applicable for welding material 3-20 mm 

thick. In addition, pulsed MIG transmission is used for welding thin 

materials 1-4 mm thick, as well as for welding in forced positions 

[1]. 

The basic components that affect the electric arc that is created 

and therefore the metal transfer in the weld zone and the quality of 

the weld are the forces and chemical reactions that occur in the 

metal transfer area. The forces that occur and act in the zone of an 

arc are: electromagnetic force, gravity force, surface tension force 

of liquid metal, reaction force from the flow of steam from the 

surface of the melt and aerodynamic force [1]. 

The advantages of the MIG welding process are: 

 high melting rate and high welding speed, 

 applicable in forced positions, 

 small investment costs (for the standard variant), 

 excellent appearance of welded joints and 

 easy process automation [6]. 

The disadvantages of the MIG welding process are: 
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 risk of welding errors, 

 the risk of slow welding errors due to the leakage of liquid 

metal in front of the electric arc and 

 relatively complicated welding training for high alloy steels 

and non-ferrous metals [6]. 

 

3. Friction stir welding (FSW) 
In addition to aluminum and aluminum alloys, FSW is 

nowadays successfully used for welding bronzes, brass, as well as 

some types of steel. In addition, the orbital variant of the FSW 

procedure is used for welding metal and plastic tubes, the spot 

welding is applied in the car industry, and for complex shapes and 

contours, a robotic FSW procedure is in use [1]. 

The FSW procedure is performed in such a way that there are 

firmly clamped base plates on the machine table that need to be 

connected. A special cylindrical shape tool, consisting of two parts, 

the body and the working part of the tool, which rotate at high 

speed, is used to generate heat. The tool body is used to attach the 

tool to the clamping jaws of the machine, and the working part of 

the tool consists of two parts: a larger diameter called the shoulder 

and a smaller diameter part called the pin (Figure 1) [7]. 

 
Figure 1. Tool and work pieces before welding [8] 

 

The shape of the shoulder and the pin of the tool can have 

different structural geometric shapes. The shoulder of tool may have 

a concentric recess in its surface of usually semicircular shape, 

while the pin is usually conical, which can also be profiled by 

different coil shapes or different types of grooves. The height of the 

grooves mainly depends on the thickness of the welding (joining) 

sheets, but it is very important that it be a few millimeters smaller 

than the thickness of the sheet [8]. 

The FSW process starts with the positioning of the tool above 

the workbench of the machine, and its axis is normal to the touching 

line of the base plates. The rotary tool approaches the joint line 

slightly and plunges into the material - the base plates. On this 

occasion, heat is generated in the material and an initial hole is 

formed. The tool pin is plunged in the material until the tool face 

makes contact with the upper surface of the work pieces. The tool 

must with sufficient pressure hold the material within the weld zone 

and create a sufficient temperature for the FSW process to proceed 

smoothly [8]. The baseplate material is heated to near the melting 

point (~ 95%) and becomes plastic. With the help of a pin tool, such 

material flows around the sleeve and thus mixes. At the moment 

when the tool head touches the upper surfaces of the base plates, the 

axial movement of the tool is interrupted and the longitudinal 

movement of the stand begins. In further work, the tool pin 

practically slides between the sheets in the welding direction, the 

new material warms up, becomes plastic and is constantly mixed. 

During this time, a groove of smooth warmed material is formed 

behind the tool head, which cools and solidifies, and a monolithic 

joint is formed between the plates. In doing so, the tool face forms a 

flat seam surface on the top of the sheet, and on the underside, the 

base forms the same. The welding process is terminated by 

interrupting the translational movement of the tool and pulling it out 

of the weld zone axially upwards [8]. 

The thickness of the aluminum sheet that can be welded by this 

method depends on the strength of the machine and ranges from 0.5 

mm to 50 mm in a single pass or single sided seam. It is possible to 

weld sheets up to 75 mm thick in double sided seam. 

As the nature of FSW is a solid state, this gives it several 

advantages over metal melting welding methods: liquid phase 

cooling is avoided so that porosity (cavity), solution redistribution, 

and cracks formed by melting and solidification do not exist. 

In principle, the FSW process has found great application. 

There are a number of disadvantages and as a process it is very 

tolerant in terms of variation of parameters and materials. One of 

the significant advantages over arc welding processes is that there is 

no distortion, ie. of sheet metal bending during the process itself, 

because the residual stresses are negligibly small. 

In addition to the above, the FSW process has properties that 

are very rarely present in other processes: the formation of a welded 

joint with negligible internal stresses, resistant to corrosion, in 

materials for which this was not possible or extremely difficult and 

expensive to achieve by conventional methods welding. Due to all 

of the above, it can be said that, economically, FSW process is by 

far the most efficient and ecologically clean [8]. 

 

4. Aluminium alloy AA6082-T6 
Aluminum and its alloys, as structural materials, characterized 

by good mechanical properties, corrosion resistance and relatively 

low mass, today occupy a significant place in almost all branches of 

industry. The most common use of aluminum alloy is in the 

shipbuilding, aerospace, aerospace, healthcare, construction, and 

other industries [9, 10]. 

Welding of aluminum and aluminum alloys is accompanied by 

certain technical problems that can be avoided by properly selecting 

the welding process and the additional material [9]. Aluminum 

oxide formed on the surface of the metal provides corrosion 

resistance, so subsequent surface protection is basically 

unnecessary. If the coating is removed, in contact with oxygen from 

the air it regenerates at that point. As Al oxide has a melting point of 

about 2050 ºC and aluminum of about 660 ºC, in the welding 

preparation process, this oxide must be removed mechanically from 

the junction site. 

A special type of aluminum alloy from the 6xxx series 

(magnesium and silicon alloying elements), of which considerable 

attention will be paid in the next part, is the AA6082-T6 alloy. The 

T6 designation itself indicates that the AA6082 alloy has been 

further processed (T6 - heat treated in 580 ˚C and aged artificially at 

180 ºC, tensile strength of 340 MPa, 95 HB hardness and specific 

mass) to improve mechanical properties [11-13]. The alloy is a 

medium strength alloy with a high degree of corrosion resistance. If 

the whole 6xxx series is considered, then this alloy has the highest 

strength, so it is not infrequently used as a replacement for some 

alloys in this series, especially for the construction of high load 

structures and the like [12]. 

The chemical composition of AA6082-T6 alloy is shown in 

Table 1 [7].  

 

Table 1. Chemical composition of  AA6082-T6 alloy 

Al 

% 

Fe 

% 

Si 

% 

Ti 

% 

Cu 

% 

Zn 

% 

V 

% 

Cr 

% 

Mn 

% 

Mg 

%  

Na 

%  

98.25 0.22 0.85 0.01 0.002 0.062 0.006 0.001 0.16 0.43 0.002 

 

5. Comparison of welding of AA6082-T6 alloy 

from the aspect of manufactura-bility by TIG, 

MIG and FSW processes 
In the next part of this paper, attention will be paid to the 

welding technology of said alloy, TIG, MIG and FSW processes, 

and an advanced analysis of these procedures will be made. 

Comparisons between the selected procedures to be analyzed are: 

time and cost of preparation of welding joint, cost of additional 

material, cost of protective atmosphere, energy consumption during 

welding, welding time and possible spatial positions of welding. 

The comparison was considered when welding the face joint of 

the plates, AA6082-T6 alloy, length 1 m and thickness 6 mm. The 

consideration will take into account that the panels have been 

adequately machined to a defined length and width, and the time 

and cost of these panel preparations will not be taken into account. 

 

5.1. Time and cost of preparing the weld joint 
A special feature and problem in welding aluminum and its 

alloys is the oxide layer (Al2O3), which is constantly formed on the 
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surface of the alloy and its high melting point relative to the low 

aluminum melting temperature. Aluminum oxide represents a basic 

difficulty that must be overcome in the arc welding of aluminum 

and aluminum alloys [14, 15], so it is necessary to remove the oxide 

layer from the base material. In the case of arc jointing of the 

material, especially in the formation of an interface, the groove side. 

The preparation of the groove sides of the TIG and MIG procedures 

for the AA6082-T6 aluminum alloy, s = 6 mm thick, is shown in 

Figure 2. 

 
Figure 2. Preparation of weld seams: a) with TIG procedure for 

material of thickness 6 mm; b) in the MIG process for a material 

thickness of  6 mm [16] 

 

Considering that the cutting of the edges is performed by a 

spindle milling machine, and that the time required to perform this 

operation is calculated by the form: 

                  𝑡𝑡 = 𝑡𝑝 + 𝑡𝑚                                    (1) 

where are: 

𝑡𝑡  - total time (min) required to cut the edge, 

tp - preparation time, which refers to the preparation of the machine, 

tools, positioning of objects, program entry and the like, and is 

about 30-40 min, 

𝑡𝑚  - main process time (min). 

According to the calculation, the time required for the 

preparation of the arc welding plates is 50-60 min, and the cost of 

preparing them is approximately 20 €. 

In addition to the above costs, unlike the MIG process, the costs 

associated with preheating the material prior to the welding process 

must be added to the TIG process. In this regard, the preparation 

time for the TIG process is significantly higher than for the MIG 

process, because the heating of the AA6082-T6 alloy is performed 

at 200 ˚C for 30 min [17]. 

Unlike the aforementioned procedures, in the FSW process, the 

numerous costs of preparing the material are minimized, to be 

exact, almost nonexistent. In this process it is not necessary to 

preheat the material or to remove the protective oxide layer from 

the alloy surface in order to perform this process. 

The time and cost required to prepare the material are shown in 

the diagrams in Figure 3 and Figure 4. 

 
Figure 3. Preparation time of material AA6082-T6 of thickness 6 

mm for FSW, MIG and TIG welding 

5.2. Cost of additional material 
Material that is added or introduced into the welding zone 

during the welding process and which together with the base 

material participates in the formation of the weld is called additional 

material. In general, 6xxx series alloys are not recommended to be 

welded without additional material, or to use additional material the 

same as the base material as cracking may occur in the weld [18]. 

Performing the TIG procedure is possible with or without 

additional material, that is, if the thickness of the base material is 

less than 3 mm, additional material is not required, otherwise it is 

necessary [5]. 

 

 
Figure 4. Costs of material preparation AA6082-T6 of thickness 6 

mm for FSW, MIG and TIG welding 

 

According to the literature source [19], additional material 

ER4043 is used when welding the AA6082-T6 TIG alloy process. 

The speed of introduction of the auxiliary material and its 

diameter should be consistent with the welding speed and represent 

one of the main welding parameters, and are selected based on the 

thickness and type of the base material, as well as the welding 

position [9]. 

It is important to note that during the FSW welding process, no 

additional material is introduced into the process, the welding is 

performed without additional material. 

Based on the recommendation of literature sources [20-23], the 

consumption of additional material for welding 1 m of AA6082-T6 

of thickness 6 mm alloy was calculated and the calculated values 

are shown in the diagram in Figure 5. 

 
Figure 5. Costs of additional material required for welding 

AA6082-T6 of thickness 6 mm FSW, MIG and TIG 

 

5.3. Time of welding 
Welding time is another of the technological parameters when 

comparing TIG, MIG and FSW procedures. 

When calculating the welding time, it is necessary to pay 

attention to the number of passes required to obtain the weld, and in 

this connection TIG and MIG welding of AA6082-T6 alloy of 

thickness 6 mm is performed in two, while FSW welding is 

performed in one pass. 

Considering the researches [20, 22, 24], the time required for 

welding of AA6082-T6 alloy plates, length 1 m and of thickness 

6 mm, by TIG, MIG and FSW procedures was calculated and is 

shown in the diagram in Figure 6, while the total time required to 

perform of these procedures is illustrated by the diagram in Figure 

7. 

 
Figure 6. Time for welding by TIG, MIG and FSW processes 
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Figure 7. Total time of extraction FSW, MIG and TIG processes 

 

5.4. Cost of a protective atmosphere 
The cost of a protective atmosphere is another indication of the 

advantages of the FSW procedure over the TIG and MIG 

procedures. In fact, FSW welding does not require a protective 

atmosphere, while in TIG and MIG procedures it is necessary. 

Based on the research [20, 22, 25], the argon consumption 

during welding of AA6082-T6 alloy, 1 m and of thickness 6 mm in 

length, was calculated by TIG and MIG procedures and presented, 

together with other costs, in Figure 8. 

 
Figure 8. Individual costs of welding processes 

 

5.5. Amount of heat input 
A factor that greatly influences the shape and dimensions of 

weld metal and welds as a whole, the micro and macrostructure of 

weld metal and its properties, the occurrence of defects in the 

welded joint and the appearance of residual stresses is the energy 

that is brought under the influence of an electric arc welded joint 

[26]. 

The amount of energy input is a fraction of the total energy of 

the arc that is spent on forming a unit of length of weld. The amount 

of energy input is determined from the expression [26]: 

  𝑄 =  
𝑘 ∙ 𝑈 ∙ 𝐼

𝑣
   J m                           (2)  

where are:  

k - coefficient of thermal efficiency (for TIG - 0.6, and for MIG - 

0.8), 

U - voltage (V), 

I - amperage (A) and 

v - welding speed (m/s). 

Unlike the TIG and MIG procedures, in the FSW process, the 

amount of energy input cannot be calculated using the form 

provided. However, based on data from a literature source [27], 

related to the amount of energy input in the FSW process, and based 

on the calculation by equation (2) for the TIG and MIG procedures, 

the amount of energy input for the individual welding operations is 

shown in the diagram in Figure 9.  

 

6. Conclusion 
Considering the time aspect of the overall process execution, 

including the time required to prepare the base material for welding 

and welding time, the FSW process takes precedence. In fact, in this 

process, preparation of the material is not required, while in the 

other two processes it is necessary, especially in the TIG process, 

which in addition to mechanical preparation of the material also 

requires its preheating. Therefore, the longest time is required for 

TIG welding and the shortest time for FSW welding. 

However, if an economic analysis of the process, which 

includes material preparation costs, additional material costs and 

protective gas costs, is taken into account, FSW procedure is again 

preferred because material preparation costs are not present, no 

additional material is required, as well as protective gas. Most costs 

occur with MIG welding due to the high consumption of shielding 

gas. 

Comparing the values related to the total amount of heat input 

during welding, it is concluded that from the energy point of view, 

FSW is a cost-effective procedure and is favored over the other two 

processes. 

In addition to all of the above, today, which is characterized by 

high levels of pollution, great attention should be paid to the 

protection of the environment. From this point of view, the FSW 

process is one of the environmental practices because there is no 

evaporation of harmful gases, no protective gas required, high 

energy savings, etc. 

 

 
Figure 9. Quantity of heat input and power consumption 
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