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[bookmark: _Toc26769794]Introduction
In the manufacturing industry, companies are still facing the issue of having their products rejected due to imperfections such as cracks or surface roughness associated with them. However, there are now new methods available which businesses can adopt to correct defects, repair cracks and apply coatings to improve surface finish as well as traditional arc welding. The aim of this report is to compare and contrast two of these methods, in this case, Friction Stir Welding (FSW), a relatively modern technique of welding and Tungsten Inert Gas (TIG) Welding, a more traditional welding technique. 
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[bookmark: _Toc26769796]Friction Stir Welding (FSW)
[bookmark: _Toc26769797][bookmark: _Hlk25153303]Working Principle
FSW is a solid-state joining process which works by using a non-consumable rotating tool (called a probe), the probe is inserted into a joint between two adjoining surfaces until the upper part of the tool (called the shoulder) sits above the base plate. The probe then rubs against the two surfaces to be joined. The non-consumable tool is made of cubic boron nitride, 5 to 6 mm in diameter and 5 mm high and produces a temperature between 230°C and 260°C from frictional heat due to contact pressure [1]. The frictional heat caused by the strong rubbing action of the tool and workpiece causes the material to heat up and soften, thus, the tool then mechanically mixes the softened material to produce a solid-state bond [2].
[image: Image result for friction stir welding]







[bookmark: _Toc26769826]Figure 1: FSW working principle [25]




[bookmark: _Toc26769798][bookmark: _Hlk24980959]The Science Behind the Process
In a brief description, during the process, a velocity difference is introduced between the dynamic rotating probe and the static workpiece when in contact, thus, generating friction which subsequently leads to heat. A normal force acts on the probe, which is distributed onto smaller areas of the workpiece, resulting in greater pressure per unit force. Due to the velocity difference, stored heat energy is released through the deformation and breaking down of the soft material workpiece caused by the ploughing of the hard material probe. The release of this energy causes a temperature rise and it is gradually transferred and stored into the rotating probe, and workpiece. Heat causes the workpiece to soften, deform and breakdown into a soft material layer between the probe and the workpiece. This layer is gradually displaced by the rotating probe revealing a new surface condition in preparation for another cycle of mechanical friction and heat generation [3].
[image: Figure 1. Friction Stir Welding process]







[bookmark: _Toc26769827]Figure 2: FSW heat affected zones [26]





[bookmark: _Toc26769799][bookmark: _Hlk24980990]Advantages & Disadvantages of the Process
If a manufacturer were to invest in FSW, it would be valuable to know the key benefits and limitations of their investment. According to Groover [4] and Pantelis [5], FSW offers a number of benefits compared to conventional welding processes, these include:
	1. Good mechanical properties 
of the weld.
2. Little distortion or shrinkage.
3. Good weld appearance.
4. Minimal weld porosity.
5. Uniform material structure.
6. Lower setup costs and less training.
	7. Fully automated process.
8. No shielding gas required.
9. No toxic fumes, warping or shielding issues.
10. Energy efficient.
11. Environmentally friendly and safer.


According to The Welding Master [6], FSW also possess some limitations which manufactures need to be aware of, these include:
	1. Exit hole is produced when 
the probe is withdrawn.
2. Heavy duty clamping required.
3. Expensive equipment and high initial cost.
4. Low welding speeds (50 mm/min).
	5. Low wear resistance of tool when welding high strength alloys.
6. Cannot be used where metal deposition is required.



[bookmark: _Toc26769800][bookmark: _Hlk24981107]Applications of the Process 
Since its invention, FSW has evolved into a proven technology in some major industries, such as marine, aerospace, rail, automotive and electronics. Within these industries, the process is mainly used to join aluminium alloys of all grades, in cast, rolled or extruded condition as well as successfully joining other materials, namely titanium, magnesium, copper and steel alloys. Some of its known applications to date are shown in the table 1, in appendices 6.1 [7]:
[image: Figure 2. Friction stir welding applications]








[bookmark: _Toc26769828][bookmark: _Toc25995115]Figure 3: Applications of FSW: (a) wheel rim, (b) joining of aluminium extrusions, and (c) space propellant tank [7]



[bookmark: _Toc26769801]New Market Opportunities
According to Yang, Fu and Li [8], Friction Stir Spot Welding (FSSW) is a recent development of the conventional FSW process and is showing to be great potential as an alternative to traditional single-point joining processes, such as, resistance and laser spot welding, and riveting. Which are used to assemble sheets of lightweight aluminium alloys. The process shares similar benefits with FSW; it is an automated and repeatable process and no toxic fumes, gases or environmental contaminants are produced. The apparent difference with FSSW to FSW, it can now be used to join dissimilar metals, generating low heat input with low maximum temperatures and excellent bonding with fine microstructure; currently used in aerospace, aviation and automotive  industries but expanding its potential into wider markets.



[bookmark: _Toc26769802]Tungsten Inert Gas (TIG) Welding
[bookmark: _Toc26769803]Working Principle
TIG welding is a fusion arc welding process which works by utilizing the heat of an electric arc through the interaction of a non-consumable tungsten electrode and workpiece. The electrode is connected to either an AC (Alternating Current) or DC (Direct Current) power source and is exposed to a shielding gas, usually, argon or helium to protect both the electrode and welding surface from the surrounding atmosphere [9]. The arc produces intense heat, approximately 6100°C (11000°F), which when comes into contact melts the surface of the workpiece to form a molten pool. As the molten pool cools, coalescence occurs, and the parts are joined. As a result, little or no spatter or smoke occurs, and the weld is smooth and uniform and requires minimal finishing [10].
[image: Image result for TIG welding process][bookmark: _Toc26769829]Figure 4: TIG welding working principle [27]













[bookmark: _Toc26769804]Science Behind the Process
The method involves using a non-consumable tungsten electrode which has a melting point of 3422°C (6192°F). Once the arc is initiated, the tungsten electrode becomes the cathode (negative) and the workpiece becomes the anode (positive). Electrons are emitted (thermionic emission) from the electrode where they become attracted to the positive workpiece. As the electrons travel to the workpiece they collide with nearby shielding gas (helium or argon) atoms which causes thermal ionization of some of the shielding atoms. As a result, there are less in population, but heavier positive ions are formed which are attracted by the negative electrode and travel in that direction. When the tungsten electrode is positive and the workpiece is negative, the heavier positive ions travel towards the workpiece instead. Thus, resulting in an etched surface from positive ion bombardment [11].
[bookmark: _Toc26769805]Advantages and Disadvantages of the Process
Although TIG welding is conventional method of welding, it still to this day offers many benefits over other traditional or modern welding techniques. According to Steel Outfitters [12] and Debapriya [13] these include:
	1. Able to weld a range of metals;
ferrous, non-ferrous, alloys and 
dissimilar metals.
2. Joints are stronger, more ductile 
and corrosion resistant.
3. Welder has clear visibility when
observing the work.
4. Can be performed in all positions 
(flat, vertical and overhead).
5. Clean process (no sparks, spatter,
fumes or smoke).
	6. No slag is produced.
7. Very little, if any post weld finishing is
required.
8. Narrow-concentrated arc produced
allowing for greater accuracy and
tidiness of the weld.
9. A better option for aesthetics of the
finished workpiece.


According to Geng [14] and Axenics [15], there are also disadvantages with this process, these include:

	1. Process should only be performed 
on clean metals.
2. Process has a low deposition rate
 (0.272 kg/hr).
3. Difficult to take components apart
without damaging them once they 
are welded together.
4. If performed incorrectly, products 
can become warped or defective.
5. UV ray is extremely bright.
6. An expensive investment.
	7. Welders typically have to be in awkward and uncomfortable positions.
8. Must be performed by a skilled and
experienced welder.
9. High labour cost.
10. Welding in confined spaces with
inadequate ventilation, the shielding gas may concentrate and displace the required oxygen.



[bookmark: _Toc26769806]Applications of the Process
[bookmark: _Hlk25512625][bookmark: _Hlk25512375]TIG welding has become a popular welding technique over the years and is used extensively in a broad range of so-called high-tech industries, in particular, food processing, nuclear, precision manufacturing, chemical and brewing. This is because of the advantage of not requiring a corrosive flux and the deposition of a high-purity weld. The process is also used for depositing root runs in mild and alloy steel pipework and welding metal plates of around 5-6 mm thickness. According to Gas Arc Industries [16], other applications of TIG are shown in table two in appendices 6.2:
[image: https://www.adamsgas.co.uk/wp-content/uploads/2017/12/TIG-1024x683.jpg][bookmark: _Toc26769830]Figure 5: TIG welded seam on stainless steel pipe in racing car [28]

[bookmark: _Toc26769807]New Market Opportunities
The welding industry in general, has experienced significant highs and lows over the past decade and is now expected to see significant growth from 2020 and beyond from new emerging markets and technologies. According to Zion Market Research report [17], the welding industry is currently worth £16.04 billion ($20.67 billion) and is forecast to grow to £25.32 billion ($32.63 billion) in 2022. The growth is expected to come from several global regions, in particular, Africa and the Middle East; due to the rapid growth of urbanisation and significant raw material reserves which will subsequently boost the construction and transport industries, which will increase demand for welding products and new and experienced welders [18].


















[bookmark: _Toc26769808]Conclusion
[bookmark: _Toc26769809]Compare and Contrast
[bookmark: _Toc26769810]Working Principles
In reference to table three in appendices 6.3, both processes operate through completely opposite theoretical practises; one utilises mechanical energy and the other electrical energy. However, in terms of their working principles to weld; both processes utilise heat as a common element to soften the workpiece and produce a weld. The difference being; FSW produces a solid weld instantly, whereas with TIG it takes a few more seconds for the molten pool to cool down into a solid weld. With FSW, this is achieved with one piece of equipment compared with TIG, utilising more equipment, thus, making the process more complex. Recognising FSW as a far simpler process whilst still achieving strong and uniform welds through quicker automated means.
[bookmark: _Toc26769811]Advantages
In reference to table four in appendices 6.4, both processes offer great benefits from a manufacturing point making them relevant in today’s industry. In some instances, both offer the same benefits such as good mechanical properties, good weld appearance and visibility. Showing that these processes are not that much different from each other in some aspect. In terms of which one to invest in, it depends on what the manufacturer requires. Do they want a process that can weld a range of metals, produces no slag and requires little, if any, post weld finishing? Or, do they want something that produces uniform material structure, has lower setup costs and produces little distortion or shrinkage. It depends on the needs of the business and what benefits will help them be more successful and competitive over other companies in the industry.
[bookmark: _Toc26769812]Skills & Training 
In reference to table five in appendices 6.5, both processes require a certain level of skills and training from the operator/welder whether they are automated or manual. FSW has a high initial cost due to the specialist training an operator must receive in order for them to learn how the process/machine works, tooling involved etc., and what they need to do to maintain/fix it. However, in the long term it will work out cheaper, due to it being an automated process and putting the operator in a low-skilled job role, thus, the company does not have to spend much on labour costs. Whereas an experienced TIG welder might not need to do further training courses but because of their skills, qualifications and years of experience, may cost the company more in the long term due to their high wage demands. Thus, making FSW a cheaper process to implement as the only costs involved would be short-term high initial training cost but long-term low labour wages.
[bookmark: _Toc26769813]Applications
In reference to table six in appendices 6.6, both processes are used extensively in industry, however, TIG is adopted across more industries and used for more applications than FSW. This is what you would expect due to the longevity that TIG welding has been around and how popular it has become. Nonetheless, FSW is still a relatively new process, being developed on for further improvements (as shown by FSSW) meaning its full capabilities are still unknown to industry. In addition, FSW is competing in areas where arc welding is still dominant and with companies who are reluctant to change processes. However, the advantage that FSW has over TIG in the long term, is that the process is energy efficient and environmentally friendly. This is paramount due to the pressure put on businesses to find solutions to tackle their contribution to climate change and pollution. Meaning that FSW will become more prominent over time.
[bookmark: _Toc26769814]Future Opportunities
[bookmark: _Hlk26460810]In reference to table seven in appendices 6.7, both processes will have an important part to play in the future in terms of new market and technological opportunities. However, the scale of this will differ for each process. Form research, TIG and arc welding in general will have a global impact in developing countries where urbanisation is rapidly increasing and there is a need for construction and transport industries, thus the increase for experienced TIG welders. Though FSW is still relatively new, it will have future opportunities finding its place in more industries such as oil and gas and nuclear and finery where safety, cost reduce defects further and create a faster welding process that can join dissimilar sheets are needed. No matter what process a manufacturer should decide to invest in, either process will have relevance in the future either globally or industrially.
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[bookmark: _Applications_of_FSW][bookmark: _Toc26769817]Applications of FSW
[bookmark: _Toc26769831]Table 1: Applications of Friction Stir Welding (FSW)
	Marine
	 Panels for decks, sides, bulkheads and floors
 Hulls and superstructures
 Helicopter landing platforms
 Masts and booms

	Aerospace
	 Fuselage and wing structures
 Aviation fuel tanks

	Rail
	 Rolling stock vehicle floor, side and roof panels
 Railway tankers

	Automotive
	 Engine chassis cradles
 Wheel rims
 Tailor welded blanks
 Car body structures
 Seat frames

	Electronics
	 Circuit enclosures
 Cooling and thermal management plates
 Apple’s iMac computer body



[bookmark: _Applications_of_TIG][bookmark: _Toc26769818]Applications of TIG
[bookmark: _Toc26769832]Table 2: Applications of Tungsten Inert Gas (TIG) Welding
	Aerospace
	 Steel fuselage structures
 Fuel pipes
 Aircraft repairs

	Automotive
	 Car fenders
 Piping
 Joining sheets of aluminium
 Welding motor coils to terminals
 Welding PCB tabs together

	Arts & Crafts
	 Sculptures
 Industrial fixes
 Ornamental pieces

	Building & Construction
	 Repairing damaged machines or broken tools

	Bicycle Industry
	 Bike frames
 Small-diameter tubing
 Thin-walled tubing

	Maintenance & Repair Work
	 Repairing tools and dies

	Electronics
	 Balling wires 
 Coil windings
 Wire to tab welding



[bookmark: _Working_Principles_FSW][bookmark: _Toc26769819]Working Principles: FSW vs TIG
[bookmark: _Toc26769833]Table 3: Working Principles: FSW vs TIG
	FSW
	TIG

	Uses non-consumable equipment which interacts with the workpiece to produce a weld.
	Uses non-consumable equipment which interacts with the workpiece to produce a weld.

	Operates mechanically, through mechanical friction and heat between the rotating probe and workpiece.
	Operates electrically, utilising the intense heat of an arc between the electrode and workpiece, generated by an electrical (AC or DC) power source.

	Mechanical friction and heat results in softening the workpiece to produce a solid-state bond.
	The arc forms a molten pool on the surface of the workpiece which cools down into a weld.

	This is all achieved by utilizing one piece of equipment (the probe).
	Additional equipment needed to achieve this such as a power source, welding torch, tungsten electrodes, shielding gas and a filler rod.






[bookmark: _Advantages:_FSW_vs][bookmark: _Toc26769820]Advantages: FSW vs TIG
[bookmark: _Toc26769834]Table 4: Advantages: FSW vs TIG
	[bookmark: _Practicality_FSW_vs]FSW
	TIG

	Good mechanical properties of the weld.
	Good mechanical properties of the weld.

	Good weld appearance/aesthetics.
	Good weld appearance/aesthetics.

	Very little post weld finishing required.
	Very little post weld finishing required.

	Welder/technician has good visibility of the process.
	Welder/technician has good visibility of the process.

	No toxic fumes, warping or shielding issues.
	Clean process (no sparks, spatter,
fumes or smoke).

	Minimal weld porosity
	Able to weld a range of metals; ferrous, non-ferrous, alloys and dissimilar metals.

	Uniform material structure.
	No slag is produced.

	Lower setup costs and less training.
	Can be performed in all positions (flat, vertical and overhead).

	Little distortion or shrinkage.
	Narrow-concentrated arc produced
allowing for greater accuracy and
tidiness of the weld.



[bookmark: _Skills_&_Training:][bookmark: _Toc26769821]Skills & Training: FSW vs TIG
[bookmark: _Toc26769835]Table 5: Skills & Training: FSW vs TIG
	FSW
	TIG

	Fully automated process.
	Manual process.

	Operator would only need to supervise and maintain the machinery when in operation.
	Operator is more involved in the process and is responsible for carrying out the welding.

	Low skilled job; operator does not need previous experience, specific skills or qualifications for the process.
	High skilled job; welder must have proficient skills backed up with relevant qualifications and years of experience (10 – 20+ years).

	Low labour wages.
	High labour wages.

	High-cost specialist training would be required as the operator would need to learn how the process works (theoretical & practical) and what to do to maintain/fix it.
	Low-cost minimal training would be required due to the experience of the welder and so regular training 9health & safety) updates would only be necessary.



[bookmark: _Applications:_FSW_vs][bookmark: _Toc26769822]Applications: FSW vs TIG
[bookmark: _Toc26769836]Table 6: Applications: FSW vs TIG
	FSW
	TIG

	Applied in aerospace, automotive, electronics, marine and rail.
	Applied in aerospace, automotive, arts & crafts, building & construction, bicycle industry, electronics and maintenance & repair work.

	Applied to sixteen industrial applications, according to table one.
	Applied to nineteen industrial applications, according to table two.



[bookmark: _Future_Opportunities:_FSW][bookmark: _Toc26769823]Future Opportunities: FSW vs TIG
[bookmark: _Toc26769837]Table 7: Future Opportunities: FSW vs TIG
	FSW
	TIG

	Development and upgrade of conventional process to a competitive and modern process. Providing further benefits for industry, allowing to experiment with the process to identify further industrial applications.
	Expected to see significant growth from 2020 and beyond from new emerging markets and technologies from Africa and Middle East regions. Due to the rapid growth of urbanisation.






[bookmark: _Toc26769824]History of FSW
Friction Stir Welding (FSW) is a relatively new welding method which was invented in 1991, by Wayne Thomas, a materials research and innovator at The Welding Institute (TWI), London, United Kingdom (UK). With patents filed successfully in Europe, the U.S, Japan and Australia. In 1992, an established TWI Group-Sponsored Project titled ‘Development of the New Friction Stir Technique for Welding Aluminium’ conducted further research to study and develop techniques for welding aluminium [19]. FSW soon found acceptance as a fast, high-quality method to join aluminium and other non-ferrous metals, making it one of the fastest welding processes to go from invention to widespread use [20]. Since then, FSW has expanded its range of weldable materials other than aluminium alloys such as titanium alloys, copper alloys, magnesium alloys, soft and hard metals and metal matrixes. The process is now applied in a range of industries such as aerospace, marine, automotive, electrical and defence [21].
[bookmark: _Toc26769825]History of TIG
Tungsten Inert Gas (TIG) Welding, also known as Gas Tungsten Arc Welding (GTAW) or Heliarc, was developed, perfected and patented in the early 1940’s by Russell Meredith of Northrop Aircraft Corporation, United States [22]. Its beginnings are traced back to C.L. Coffin, who had an idea to weld in a non-oxidizing atmosphere, which he later patented in 1890. This concept was further refined by H.M. Hobart and P.K. Devers, in the 1920’s, who used argon and helium for shielding gas [23]. TIG was developed to join light metals, namely, magnesium and aluminium as current welding processes were not adequate. The process provided a consistent and inexpensive way to quickly achieve high-quality welds which were applied to fighter aircraft and warships during the Second World War. It is said that President Franklin D. Roosevelt wrote a letter to Winston Churchill, boasting about the discovery of the technique that enabled America to build their fleet with unequalled speed [24]. 
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