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[bookmark: _Toc26646541]Introduction
Recent advancement of manufacturing techniques has seen a rapid proliferation of  innovative technologies in the manufacturing industry. [1]. 
Both traditional and advanced manufacturing techniques can be utilised to produce the same product, however the methods or techniques used in each manufacturing process may be largely dissimilar, thus resulting in two products that may be aesthetically similar, but have very different mechanical properties, internal geometries or surface finishes. Manufactures seek to leverage this differential in product properties to produce a component with optimal end-use performance characteristics, as well as increased profitability and ever decreasing environmental impact.
Welding procedures are arguably amongst the most broadly used manufacturing techniques in industry, with almost every major manufacturing sector using traditional or advanced welding processes for fabrication or repair of defective components [2]. It is then no surprise that industries that rely on welding procedures aim to develop and implement the most fit for purpose process for each specific application.
[bookmark: _Toc26642167][bookmark: _Toc26646542]Aim
This report will compare a traditional welding process arc welding with an advanced non-traditional technique friction stir welding by discussing the applications, benefits and limitations as well as the new market opportunities of friction stir welding over traditional arc welding processes.
[bookmark: _Toc26642168][bookmark: _Toc26646543]Objectives
· Conduct research into both traditional arc welding and advanced friction stir welding procedures.
· Discuss the science of each process.
· Identify current applications of both procedures.
· Discuss the benefits and limitations of each process for a range of applications.
· Compare the traditional and advanced manufacturing process.
· Identify new market opportunities enabled by the friction stir welding.
[bookmark: _Toc26642169][bookmark: _Toc26646544]Main Body
[bookmark: _Toc26642170][bookmark: _Toc26646545]Arc Welding 
Arc welding is a term used to describe any welding process that uses an electric arc to melt and join metals. All of the arc welding processes can be categorised into two main groups; consumable (Figure 1) and non-consumable (Figure 2) electrode techniques. 
[bookmark: _Hlk25509911]Consumable electrode techniques include:(Figure 1)
[24]

· Metal Inert Gas Welding (MIG).
· Shielded Metal Arc Welding (SMAW).
· Metal Active Gas Welding (MAG).
· Arc Stud Welding (SW).
· Submerged Arc Welding (SAW).
· Flux Cored Arc Welding (FCAW). 
· Electro-Slag Welding (ESW).

Non-consumable Electrode techniques include:
· Tungsten Inert Gas Welding (TIG).
· Plasma Arc Welding (PAW).(Figure 2)
[25]

[3]
[bookmark: _Toc26642171][bookmark: _Toc26646546]The Process
[bookmark: _Hlk25510729][bookmark: _Hlk25510745][bookmark: _Hlk25510823]Arc welding was first developed by French electrical engineer Auguste de Méritens in the 1880s, Méritens used carbon electrodes to create an electric arc. Using the heat from the arc, Méritens was able to melt two lead workpieces along a butted seam [4].
Today, Arc welding is somewhat more sophisticated with regards to the equipment used than that of Méritens. Arc welding equipment ranges from simplistic handheld devices used by tradesmen to fully automated welding end effectors mounted to Industrial Robots. 
Consumable electrode welding, such as MIG welding, is a process where a wire (solid electrode wire (Figure 1) is fed through a welding gun. An Inert gas, such as argon or helium, is also ejected from the nozzle of the welding gun, acting as a gaseous shield from contaminants such as water vapour, oxygen, nitrogen and carbon dioxide [5]. (see appendix 1 for properties affected by shielding gas).
The welding process is initiated by an electrical arc between the electrode and the workpiece. An electrical arc is achieved by first positively charging the welding material and attaching a grounding wire to the workpiece. The charge mentioned above is supplied by a system called a rectifier unit. The purpose of the rectifier unit is to convert mains alternating current (AC) power to a Direct Current (DC) supply. The solid electrode wire is continuously fed through the wire guide and contact tube (Figure 1). Once the electrode wire is incident upon negatively charged workpiece an arc is struck. Intense heat (~5000–15000 oC) is generated by the arc which melts the electrode and workpiece material into a molten state. As more electrode material is pushed towards the workpiece, molten metal droplets are pushed along the arc path and puddle atop the workpiece, known as the weld pool [3]. The welding gun is moved linearly at a fixed rate along a seam, crack or joint in order to achieve a strong weld.
Non-Consumable electrode arc welding processes, such as TIG welding, are largely similar in practice to those of consumable electrode welding techniques. The defining difference between these techniques is that in non-consumable electrode arc welding processes the electrode and filler material or welding rod are separated, the electrical arc is created between the tungsten electrode and the workpiece. The filler rod (Figure 2) is fed into the arc and subsequently melted to create the weld pool [6].
[bookmark: _Toc26642172][bookmark: _Toc26646547]Arc Welding Metallurgy 
Due to the rapid heating and cooling nature of the arc welding process, metallurgical reactions occur in transient conditions, as such, the mechanical properties of the welded joint are dependent on both the chemical composition and the heating/cooling rate of the weld interface microstructure [7] .
[image: ]
During the arc welding procedure, the weld interface undergoes a series of metallurgical processes (see appendix 2) including ;  
· Melting and  solidification. 
· Recrystallisation and  grain growth.
· Phase transformations.
· Thermal expansion and contraction leading to residual stress.                 [8](Figure 4)
[28]

Figure 4 shows the zones associated with arc welding (also see appendix 4). The heat affected zone is of particular interest, as this is where the metallurgical processes mentioned above affect the microstructure and thus the mechanical properties of the welded joint. The weld zone is entirely made up of weld filler material. The mechanical properties of the zone are mostly dependent on the filler material used and the heating and cooling rate. This zone tends be the weakest area of the weld due to a typically coarse grain structure and weaker mechanical properties that lead to a high probability of crack propagation under tensile load [9]. 
The Fusion/penetration zone is an amalgamation of the melted filler and base materials. Within the fusion zone the molecules of these materials are bonded together. For fusion to occur, both materials need to be heated to a liquidus state, if either material does not reach this state then the weld joint may be structurally compromised [10]. Another important consideration is fusion/penetration zone depth, according to the welding institute, a deeper fusion zone depth/weld penetration yields a stronger weld.
The coarse and fine-grain heat affected zone (HAZ) is an area of base material that has experienced tempering due to the intense heat, the grain size is largest directly next to the fusion zone and smallest next the base metal zone. The risk of cracking due to embrittlement is highest in the coarse grained zone due to the increased residual stresses and probability of crack propagation.
The base metal zone is the area of parent metal where the microstructure isn’t changed during the welding procedure.
[bookmark: _Toc26642173][bookmark: _Toc26646548]Benefits and Limitations of Arc Welding
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Friction Stir Welding (FSW) is an autogenous contact joining technique that uses heat to soften and hence weld material at the weld interface. Heat is generated from friction between a rotating tool and the workpiece. Both the tooling and workpiece material are non-consumable throughout the process.
Some of the materials that can be joined using FSW include;
· Aluminium & aluminium alloys(Figure 5)
[26]

· Titanium
· Copper 
· Carbon, alloy and stainless steels 
· Nickel alloys 
· Magnesium
· Lead
· Zinc
· Non thermosetting, Low viscoelastic polymers 
                                  [11]
[bookmark: _Toc26642175][bookmark: _Toc26646550]The Process
Friction Stir Welding was first developed by The Welding Institute (TWI) in 1991 and has been used in high volume production since 1996. TWI sought to develop a new welding technique that wasn’t susceptible to the limitations of more traditional welding techniques, such as distortion, shrinkage and porosity (see appendix 3).
[bookmark: _Hlk26092455]During friction stir welding, a profiled probe attached to cylindrical shouldered tool (Figure 4) is driven downwards vertically between two butted workpieces. The workpieces are clamped firmly in a backing bar to ensure the butted interface does not become displaced. The tool assembly is also rotated along its central axis (Z-Axis)  throughout the process [12]. The Tool is then driven at constant velocity along the butted interface (X-Axis) to achieve the desired welded joint.
The downward force, speed of rotation, tool advance speed, tool material and probe design all have an effect on the weld mechanical properties and surface finish. As such manufacturers can use these variables to optimise the weld process for each application [13].
[bookmark: _Toc26642176][bookmark: _Toc26646551]Friction Stir Welding Metallurgy  
FSW is a thermomechanical process, heat generated by frictional forces and mechanical deformation from the rotating tool soften the weld interface. FSW is also considered to be a solid state process, even though the weld material is subjected to intense plastic deformation, no melting or liquidation occurs. [12].Stress (Pa)
Temperature (K)
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T(Melt)
(Figure 6)

With the increasing temperature of the weld interface, the parent materials yield stress (figure 5, σy) is reduced, thus becoming more malleable, meaning the force required to deform the material is much lower. [14]. 
As the tool is plunged and turned, the more malleable plasticised material flows around the probe in the same direction of rotation, this action extrudes and forges the material together. The tool is then translated along the abutted seam to create the desired weld.
[image: ]As shown in figure 6, The cross-section of the post-welded workpiece can be categorised into four main sections (also see appendix 5);(Figure 7)



[27]

[bookmark: _Hlk26551488]A-Non-Affected Zone, B-Heat Affected Zone,  C-Thermomechanically Affected Zone,  D-Nugget Zone.
[bookmark: _Toc26642177]The nugget zone is  made up of forged material from both (Advancing and retreating) sides of the workpiece. Metal undergoes intense recrystallisation and grain refinement. Material in the nugget zone may exhibit better mechanical properties than that of the parent material. The Thermomechanically affected  Zone (TMAZ) typically has the same cross sectional area as that of the probe, and also undergoes recrystallisation and grain refinement, however the grains are coarser than those of the nugget zone [15].  The  Heat affected zone is the weakest zone in friction stir welding, this is due to tempering of the parent material, as in arc welding this leads to an increased risk of cracking. [16]
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Comparison 
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As mentioned above, arc welding has been a widely used manufacturing and repair process since the 1880s, and as such, most of the market opportunities for the process are well explored. Even the most sophisticated forms of arc welding, such as fully autonomous welding using complex robotic end effectors have been well understood and implemented for approximately 30 years. [17]
Even though the process has been used for around 140 years, market analysts predict that the arc welding sector is set to experience significant growth beyond 2020, they attribute this growth to the use of arc welding procedures in the ever increasing urbanisation of regions in Africa and the Middle East. [18]. 
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A typical Friction Stir Welding process uses a stationery machine with 3 degrees of freedom (X, Y & Z axis). Fanuc, an industrial robotics manufacturer, have recently developed an end effector that can be mounted to 6 DOF industrial robots. This greatly increases the versatility and of adaptability of FSW, allowing manufacturers to introduce new components with different geometries without investing in new equipment. [19].
[bookmark: _Toc26642186][bookmark: _Toc26646560]Friction Stir Spot Welding
Friction Stir Spot Welding (FSSW) is a recent development of FSW, the process is largely the same as FSW except there is no translation of the tool during the process. Some of the benefits of using FSSW over tradition spot welding techniques include; No consumables, it can be used on previously un-weldable and dissimilar materials, improved microstructure and no emissions [20]. Another benefit to using FFSW is that it can join materials that previously needed mechanical fasteners such as bolts and rivets, this decreases the mass of the component as the process is completely autogenous.
[bookmark: _Toc26642187][bookmark: _Toc26646561]Friction Stir Processing 
Friction Stir Processing (FSP) is an emerging secondary processing technique used to strategically strengthen components by manipulating the microstructure of a metals in high stress areas. FSP can be carried out using the same equipment as FSW,  meaning manufacturers can further capitalise on investment in FSW equipment by using it in strengthening processes also. Dr Rajiv Mishra at the university of North Texas explains in his book, Friction Stir Welding & Processing, how FSP can be used in strengthening and thus mass optimisation of automotive components, such as aluminium alloy wheels, to yield better performance characteristics [12]. 
[bookmark: _Toc26642188][bookmark: _Toc26646562]Conclusion 
Both Arc Welding and FSW are widely used in industry and can both be used in similar applications, While FSW welding has the potential to yield better weld performance characteristics and aesthetically inconspicuous welds, Arc welding is much more versatile. As such, manufacturers should seek to choose the optimal technique for each given process. For example, for joining of pressure vessels in aerospace applications the optimal process is FSW, However the optimal process for field fabrication and repair of steel components would be arc welding. Considerations such as return on investment and overall equipment effectiveness should also be included in deciding on the most optimal process for a given application.
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[21]
Table showing the factors that are affected by the type of shielding gas used during arc welding.





[image: ]Appendix 2
[8]
Table showing metallurgical processes that occur during the arc welding process.
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[22]
Image showing the typical defects in arc welded metals.
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Cross section Image showing the HAZ Zone in arc welding.
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[15]
Cross section image showing the HAZ Zone in friction Stir welding.
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Appendix 3)
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Risk of Injury Low Moderate
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structures.
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Appendix 1

Review View Help

Factors Affected by the use of shielding

gasses in arc welding

Summary

. The cross sectional width of the zone
Fusion zone breadth
where filler metal and base metal are

joined.

‘Welding speed
Linear translation speed in mm/min.

. The behaviour of molten metal transfer to
Arc to metal transfer characteristics

the weld pool, categorised as; spray,

globular or short circuiting transfer.

. A grove in the base material either side of
Probability of undercut defects
the weld line, where the molten parent

metal has been drawn into the weld.

A smooth weld finish may be important

aesthetically but is also a good indicator of

Surface pattern and finish weld quality. A smooth finish with
consistent repeating pattern signifies a
strong weld joint.
Weld penetration depth The depth of the fusion zone, or depth at

which filler metal and base metal have

joined.
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Metallurgical Processes in Arc Welding

Process

Summary

Melting and solidification

Transition between solidus and liquidus
state in metals, has large influence on

microstructure.

Nucleation and growth

Formation of nuclei in the liquidus metal, as
more atoms become attached to the nuclei a

crystalline pattern begins to form.

Phase transformations

Changes in microstructure, diffusion,

eutectoid and precipitation for example.

Segregation and diffusion Describes the non-uniform distribution and
movement of Atoms in metals
Precipitation Growth and distribution of precipitates that

stop movement in dislocations.

Recrystallization and grain growth

New formation of grain structure pattern
and alterations in size of grains within the

microstructure.

Embrittlement

Loss of ductility due to tempering, leads to
increased probability of cracking under

load.

Thermal expansion, contraction and residual

Expansion and contraction of the base and
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