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Welding is a process that can both manufacture and repair metals and thermoplastics by permanently joining material together via the application of high heat [5]. Methods of heat application (energy source) differ greatly with respect to both the underlying physics and advantages provided. This report will focus on comparing two methods, arc welding and friction stir welding; specifically looking at their applications and the market opportunities those applications provide when adopted by a manufacturer.
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The coalescence of material ultimately results via heavy diffusion of atoms in the weld pieces, achieved by heating them to appropriate temperatures [6].
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Separate to welding processes are weld types, of which there are 4 basic different types, bead, fillet, groove and plug (see figure 2).
Bead welds (or surface welds) is the most basic weld type, simply depositing weld metal, and building up a pad of the metal, usually done to replace metal on a worn surface. Fillet welds use multiple bead welds, to join two pieces of material together when placed at 90, i.e. to create a T joint (figure 3). Groove welds, again, consist of multiple beads placed in a groove and are used to fuse metal in a butt joint (figure 4). Finally, plug welds are used to create lap joints (figure 5) 
[bookmark: _Toc26811723]Arc Welding
Arc welding is a process that generates the heat needed using electricity, utilizing a power supply that generates an electric arc between an electrode and the material. Welding occurs as the heat of the arc melts the surface of the base material (and in most cases the electrode too). The arc transfers a pool of molten metal on to the material, with the arc constantly moving along and fusing the base metal to the electrode [5]. Several different methods use this core principle and can be broadly separated by two determinants; whether the power supply is constant voltage or current, and whether the electrode is consumed through use.
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Welding power supplies (PSU’s) are defined by the characteristics of their output slopes (figure 1) which controls how current will vary with voltage, where the former relates to heat input and the latter relates to the length of the arc [7]. There is a minimum power requirement that the PSU must stay above to keep the temperature of the arc, give that power is the product of current and voltage, either of these can be varied to attain this [8].
Constant current PSU’s stay above the minimum power requirement by increasing voltage when the arc length is unintentionally changed, the arc voltage changes to maintain welding. The clear implication is that constant current PSU’s are generally needed for manual welding processes (shielded metal arc, gas tungsten etc), as the electrode can’t be held perfectly still, leading the arc length, and by association the voltage to fluctuate [7]. They have steep output slopes (figure 1).
Constant voltage PSU’s do the opposite, holding voltage and varying current to maintain appropriate power, current will change (for consumable electrodes) based on the distance between the electrode and material, e.g. if electrode and material are too close a large increase in current increases heat, causing more of the electrode to melt, restoring required arc length [5]. Because of these characteristics, they are generally used in automatic welding processes (submerged arc welding, gas metal arc welding, etc).
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The distinction of “consumable” is made based on whether the electrode itself acts as the filler material or not (though separate filler material can be added in any case). Most consumable electrode processes also need flux to be introduced during welding. Here flux is a combination of fluorides and/or metal oxides [7]. 
The goal of flux is to prevent the welding material from interacting (reacting) with atmospheric gases, and as such prevent oxidisation (rusting) of the material, so that final welded material doesn’t become brittle [9]. The flux is packaged as part of the electrode in most cases, with electrodes historically being coated with flux, they are now conventionally made with a core of flux running through the electrode instead [5]. 
[bookmark: _Toc26811726]Friction Stir Welding
[bookmark: _Toc26811727]Solid-State Welding
Friction stir welding (FSW)  is an offshoot of friction welding Unlike traditional processes friction welding does not completely melt the material surface, i.e. the metal doesn’t enter a liquid or vapour state. These processes are categorised as Solid-state welding. [7].

[bookmark: _Toc26811728]Operation
FSW (figure 6) involves clamping two workpieces in a butt joint (figure 4) against a support. Clamping is required because of the high pressure that is generated by the process [8]. The probe, in this case, has a diameter of 0.20 to 0.24 inch and is non-consumable. The probe is plunged into and then rotated against the metal, with the friction generated from this capable of softening the metal and enabling plastic deformation of the material [10]. The probe advances through the material, moving hot metal from the front of the probe to the rear of the probe, creating a solid-state joint. A collar is required on the tool (probe) to prevent the deformed metal from displacing upwards, which has the side effect of leaving both sides (top and bottom) of the joint with a smooth finish [11]. 
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FSW does not involve the use of any filler material, and as such alloys can be welded, with no consideration with regards to the compatibility of compositions, a problem that arises with arc welding. While this can be positive, it also means that FSW lacks the flexibility arc processes have, as FSW can not be used when extra metal deposition is required for repair via welding.
Where the quality of the weld is concerned FSW generally provides better characteristics than arc welding (and most other conventional welding processes). A core problem of arc welding, even when the quality of the weld is near perfect, is the change is causes in the microstructure of the metal, especially prevalent in aluminium alloys. An arc weld results in a dendritic microstructure because the melting point is reached, leading to serious degradation of mechanical properties [12]. 
FSW can, in comparison, be used to weld most aluminium alloys, whilst avoiding the issue of microstructural changes, and creates a fine, crystalized, microstructure that produces better mechanical properties than arc welding [11]. This is possible because the melting point of the material isn’t reached. This is extended to the point, that specialised FSW processes can be used to modify the microstructure in specific ways to achieve specific structures and associated qualities, such as homogenising nano-composites of aluminium alloys, leading to increased yield and tensile strengths [13]. 
FSW has also yet to solve the issue of being able to have an invisible termination point, i.e. there is a small hole in the metal wherever the toll stops [8]. It is also limited in terms of the geometries that can be created.
[bookmark: _Toc26811731]Cost
A cost comparison of FSW and gas metal arc welding found that the three major contributors for cost in the arc welding process are labour wages, machine investment, and to a slightly lesser degree, filler material cost. It also found that the three major contributors for cost in the FSW process are machine investment, patent licensing and finally labour wages.
Ultimately it found that whilst arc welding is cheaper for small scale/one off operations, when the annual production volume was at least tens of km of welds per year, FSW is much more economical, with arc welding costing 1.6 times more per unit length than FSW [14].
The difference in cost largely arises from the following; FSW consumes less energy to make a weld, due to its lower operating temperatures (about 50% less energy used), no filler material or shielding gas or flux is required, and tooling is simple to manufacture and non-consumable [15]. 
[bookmark: _Toc26811732]Safety
Some forms of arc welding processes such as metal inert gas welding can cause serious damage to the lungs, with health problems like bronchitis, airway irritation, lung fibrosis, asthma and lung cancer being typically associated with welders [16]. Welders who work with conventional forms of manual arc welding are 43% more likely to develop lung cancer [17]. This is due to the emission of exhaust gasses generated from arc welding processes. In this context FSW is a much safer process, automated or otherwise as it produces no smoke, fumes or arc glare that are part and parcel to arc welding processes. 
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[bookmark: _Toc26811734]Arc Welding
Unlike FSW, arc welding has no upper limit on the thickness of material that can be welded [5] and is a less specialised process in general. Given the relatively lower initial overhead cost, adoption of this technology would allow for the repair and potentially manufacture a wide variety of metal or thermoplastic products. This lends itself to manual processes as an investment in automation facilities can be very expensive and must be done on a per-task basis [14]. 
[bookmark: _Toc26811735]FSW
Given that the initial overhead cost can only be balanced with high production rates and low labour rates coupled with the simple geometries the process can form, FSW lends itself to large scale production of small parts and has found widespread application in various industries because of this.
Aircraft manufacturers are uniquely poised to take advantage of FSW given its ability to weld aluminium alloys, and that some aircraft are composed of 80% aluminium alloy. Investing in this technology would Being able to weld aluminium alloys allows for a much lighter fuselage (part of the body not intended to generate lift)  by replacing conventional rivets, estimated at a maximum of 1kg per metre of welded material [18]. This principle of saving weight via welding of previously un-weldable alloys carries over to all automotive industries in principle, opening a myriad of new market opportunities for a prospective manufacturer, looking to mass-produce smaller items or parts, with mechanically great properties.
[bookmark: _Toc26811736]Conclusions 
Welding is a vital process in the repair and production of metal products/parts, with various methods offering incredibly varied use cases each with their own merits. The core principle of all welding methods is the same, applying heat to cause deformation in the material, allowing two workpieces to coalesce, being “welded” together.
Of the methods discussed and detailed it seems apparent that FSW should generally be chosen for most large-scale projects/manufacturers, due to its lower cost provided enough minimum output per year, production of welds with better mechanical properties, and decrease of associated health risks.
Despite the advantages of FSW, there are issues associated with it that need to be considered, mainly its inability to add extra deposits of metal where needed, and inability to create complex geometry. This means that in instances where a manufacturer can’t necessarily predict what welds will need to be made (i.e. in instances of multiple unknown repair types) arc welding is preferable, due to its manual nature and ability to weld material with no maximum thickness.
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