
[image: ]

University of Wales Trinity Saint David
School of Engineering

Major Project
M7X01373
Interim Report

Jake Mowbray
1603023
MSc Mechanic Engineering		Major Project - Interim Report
December 2020


[bookmark: _Toc58614570]Abstract
[bookmark: _GoBack]The practicality of employing Friction Stir Welding (FSW) within a mechanical engineering department is considered and presented in this interim report. FSW is a solid state welding process that holds the potential to provide superior welding quality when compared with conventional processes. This report is formally an interim update for the progress of the wider research project; current literature has been explored, and based upon that literature an investigative study has been undertaken. In this study, aluminium alloy sample plates of grade 6082 were joined by FSW and by conventional fusion arc welding processes. The FSW process parameters investigated in this study range between 86mm/m and 116mm/m welding traverse speed, 450rpm and 710rpm tool rotation speed, tool shoulder depth was also studied. Tensile testing, hardness testing and visual methods are used to compile characteristic data relevant to each set of parameters which will be analysed further in the project.
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[bookmark: _Toc58614572]1. Introduction
This project seeks to investigate the potential for utilising FSW in the QinetiQ Aberporth mechanical engineering department to improve efficiencies and provide cost savings when producing joining welds between structural aluminium members. The concept of FSW and the general tool shape is shown in Figure 1. The construction of a project scope through setting clear aims and objectives, justified with reasons will direct the course of the project. The review of recent literature surrounding the topic will guide the outcomes and any limitations in information may identify areas which require expansion through further investigation. It is intended that the outcomes of this project will enable the desired cost savings. 
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[bookmark: _Ref58613421][bookmark: _Toc58614587]Figure 1 - FSW Process (ESAB, 2020)



[bookmark: _Toc58614573]2. Aims
The aim of this project is to assess the feasibility of utilising a FSW process for the purpose of increasing efficiencies in the joining of structural aluminium members. It is hypothesized that the replacement of conventional aluminium welding processes with newer technology will reduce the amount of resource required to prepare, carry out and inspect each weld. This project also aims on influencing the way in which the structural design process develops engineering solutions by considering the advantages and limitations of the process. It is intended that the findings of this project will provide the foundation knowledge required to create an enabling procedure for implementing FSW across the wider engineering capability. The long-term goal sees the benefits of FSW recognised by the company’s engineering community and adoption of the process where those benefits can be secured. 
 


[bookmark: _Toc58614574]3. Objectives
The project aim gives rise to a number of objectives, they are to be viewed as instructions that will direct project and enable progress checking. 
Objective 1: Review a range of published literature and any other credible information sources to establish how FSW may be applied in the local setting.
Objective 2: Identify and evaluate the current systems in place for the design and manufacture of aluminium structures.
Objective 3: Establish a scope of what is possible and what is not, in terms of fabrication capacity.
Objective 4: Determine optimum welding parameters by means of FSW trials and sample evaluation to appropriate standards.
Objective 5: Compare and contrast the outcomes of testing results with those of conventional methods.
Objective 6: Develop a finite element model which is representative of the optimum welding parameters and attainable weld properties.
Objective 7: Conclude the project and provide recommendations for FSW application and further research.


[bookmark: _Toc58614575]4. Reasons
[bookmark: _Toc58614576]4.1 Cost Saving and Capacity
The primary occupational rational for undertaking this project is to access the potential cost savings which are discussed in related published literature; factors such as, reduced welding preparation, reduced welding times and an almost complete reduction in consumables facilitate those savings. The secondary reason looks to utilise the new capability as an increase in welding capacity within the fabrication workshops; by transferring a small portion of the welding tasks to the FSW process from the currently fully utilised GMAW and GTAW processes, this will provide some much needed alleviation in those areas. 
[bookmark: _Toc58614577]4.2 Innovation
QinetiQ promote a comprehensive innovation strategy that drive actions for continual improvement. Recently, an overhaul and standardisation of companywide CAD packages has resulted in enhanced collaborative design work. Locally, this has highlighted some areas for improvement when devising engineering solutions, such as carrying out structure optimisation to reduce mass. It is intended that this new way of working will be able to capture the specification requirement to enable the use of FSW, evolving with the incorporation of material optimisation. Being able to recognise where FSW can be applied and tailoring mechanical designs to suit will provide evidence towards working innovatively. 
[bookmark: _Toc58614578]4.3 Research
It has been identified through the review of published literature that there is a lack of specific information regarding the use of FSW and the 6082 grade aluminium alloy currently used in the structures fabricated at the Aberporth facility. A supplementary reason for undertaking the project is to contribute towards the mentioned body of information on welding, materials testing and results evaluation; contributing to areas requiring results.
[bookmark: _Toc58614579]4.4 Personal Interest
An additional reason which for the undertaking of the project includes a vested interest in welding technology, stemming from a longstanding occupation in metal joining processes. 




[bookmark: _Toc58614580]5. Project Plan
The project plan is a live document and an integral component for assurance purposes; key events such as, project supervisor meetings and workplace meetings are recorded electronically in the project notes. The plan is to be maintained to capture all project related activity and be presentable for audit at any time. There are three project milestones in the plan:
· 27/07/2020 Aberporth Engineering approval to proceed with practical work.
· 18/11/2020 Completion of practical work; manufacture, FSW trials and material testing.
· 02/04/2021 Intended completion and submission of final report.
To date, the project plan has been updated on a weekly basis and immediately after any meeting to capture all relevant details. The timeline overview and section summary respectively shown in Figure 2 and Figure 3, present the direction of the project over its intended ten month duration[footnoteRef:1]. [1:  Plan accurate as of week commencing 08/12/2020] 
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[bookmark: _Ref58442098][bookmark: _Toc58614588]Figure 2 - Timeline Overview
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[bookmark: _Ref58442107][bookmark: _Toc58614589]Figure 3 - Plan Section Summary
The project so far has been straightforward in its progress with only one major alteration. The end date of the ‘practical work’ phase has been shifted to the left, and the start date of the ‘interim report’ phase shifted to the right. It was originally intended for both to coincide for the purpose of capturing as much current context to the report as possible. A change in employment circumstances forced the requirement to complete the ‘practical work’ phase by 18/11/2020; meaning, more hours per day were allocated to ‘practical work’ resulting in ‘interim report’ not commencing until after this date. A further, cascaded view of the project plan detailing all tasks forms the report appendix. 

[bookmark: _Toc58614581]6. Literature Review
The metal joining process of Friction Stir Welding (FSW) was developed by The Welding Institute[footnoteRef:2], Cambridge in 1991 (TWI, 2020a); to whom, Wayne Thomas is credited as the principal inventor (Thomas, et al., 1997). As filed, the original patent describes the particulars of the process and tooling devised at The Welding Institute (Patent Office, 2020). Since the invention of this new technology, companies across the globe have taken full advantage of the concepts, further innovating and as a result delivering a new standard in the manufacture sector (Cambridge Network, 2017). ‘FSW Patents - A Stirring Story’ is an article published by TWI detailing this rapid take-up of FSW and the associated patent applications that have followed; companies which adopt the technology as an element of their production claim protection for their own particular process and tooling innovations (Smith & Lord, 2007). Boeing operate the second largest industrial application of FSW globally (TWI, 2020b); by way of example, they discuss how advancements in FSW parameters have been made in order to ascertain the material fatigue results required for approval from the FAA for the construction of aircraft components (Boeing, 2004). [2:  The Welding Institute- as displayed on the patent application at the time, the company is now officially TWI Ltd.] 

TWI (2020d) describe FSW as: “a solid state joining process that uses frictional heat generated by a rotating tool to join materials”. The heat generated initiates an area of plasticisation directly beneath the tool; in this area, the material softens and stirs around the tool (ESAB, 2020). Grenzebach (2020) expand on the definition of solid state, or solid phase by explaining that a weld is produced below the base material melting temperature and is of a uniform arrangement. The welding process steps are shown in Figure 4; the rotating tool is plunged into the material until the tool shoulder becomes in contact with the top surface, the tool advances through the material creating a region of solid phase and finally the tool is retracted. The resultant material structure following the welding process is detailed in Figure 5; the area in which the material has undergone plastic stirring is labelled the thermomechanically  affected zone, within this zones lies the weld nugget which has experienced major recrystallization due to immediate exposure to the rotating tool pin. The diffusion of heat from the weld zone forms an area of grain growth and tempering labelled the heat affected zone; when the level of heating has no influence on the materials structure, a boundary is identifiable between the heat affected zone and the original material. The characterisation of process and resulting structure is well acknowledged in published literature (TWI, 2020a) (Hossein, et al., 2019).
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[bookmark: _Ref57673118][bookmark: _Toc58614590]Figure 4 - FSW Process Steps (Grenzebach, 2020)
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[bookmark: _Ref57673855][bookmark: _Toc58614591]Figure 5 - FSW process and resulting structure (TWI, 2020a)
The primary industrial application for FSW is providing superior joints in aluminium alloy, the joining of dissimilar aluminium alloys or particularly difficult to weld aluminium alloys by conventional fusion processes (TWI, 2020a). Companies have been hugely successful in applying aluminium FSW in critical areas; a partnership between NASA and ESAB saw the construction of complex hydrogen fuel tanks on the world’s largest FSW machine (ESAB, 2020). 
The widely accepted advantages of FSW over conventional welding methods are: low distortion due to relatively low heating, the potential for excellent mechanical properties, lower impact on health and safety, removal of fabrication consumables and the ability to weld in any position with minimal preparation (FPT, 2020). The European Union’s FSW working group have categorised the advantages of FSW to which emphasis is placed on the positive environmental benefits such as, the absence of harmful welding fume emissions (Erasmus+, 2017). The European Commission have recognised the energy efficiencies and environmental benefits of the technology; budgeting almost €950,000 through the Horizon 2020 innovation programme. In order to contribute towards lowering emissions, the Commission intend on assisting manufacturing sectors in the take up of FSW, aircraft frame manufacturing in particular. The funding the development of a universal FSW head with control autonomy for use on existing CNC milling machines is underway; the aim is to simplify the adoption of the new technology (CORDIS, 2019). Clean Sky Oasis (2020) appraise the project objectives for enabling innovation which can disrupt the manufacturing sector; as it may initiate a trend of embracing non-conventional methods for delivering higher quality, cleaner and more efficient manufacture. Recent studies have discussed how the airframe riveting process can realistically be replaced by FSW due to notably higher material testing values, alongside allowing manufacturer appreciation of increased efficiencies and reductions in carbon footprint (Clean Sky Oasis, 2020) (Humberto Mota de Siqueira, et al., 2016) (TWI, 2020c). QinetiQ state in their annual accounts the approach taken to address greenhouse gas emissions; the report highlights areas where energy efficiency improvements are being made and specific attention is drawn to the energy management plan which is in support of innovative, energy saving technologies (QinetiQ, 2020).
TWI (2020d) restrict their definition of limitations and disadvantages of the FSW process to comparisons with conventional fusion processes: the formation of a tool exit hole upon retraction of the welding tool from the material, the requirement for significantly increased work piece restraints due to the forces applied and the control of gaps between components. Shah and Badheka (2019) delve further into process limitations; stating that no economical method has been found for the welding of steels. Eff (2012) discusses the requirement for costly tungsten based tooling when attempting to joint steels, problematic wear and premature degradation are also implications. In essence, FSW is well suited to general solid phase aluminium joining and is useful in some very specific scenarios where hard metals are concerned, in this case the weld process travel distance becomes the main limitation due to the aforementioned degradation (Kennard, 2015).
Tool pin geometry is considered the most influential variable of the FSW process; Hattingh, et al. (2008) investigate how these factors ultimately effect tensile strength in 5083 aluminium alloy and conclude that a tapered tri-flute tool pin is optimal. Parallel pin, tapered pin, number of flutes, flute depth, flute angle, pin diameter and threads can be tailored to suit the intended application. It is clear that there is no definitive tool design for the FSW of aluminium; this is due to each individual research scenario being wholly different, and requiring varying parameters to develop a successful process. Banik, et al. (2020) investigate the effects of tool design on multiple material properties, to which they conclude the tapered threaded pin is superior in 6061 aluminium alloy. The control of heat flux in the tool is presented as a critical factor in maintaining appropriate levels of heat in the welding area; thermal studies are carried out to establish optimum styles, the triangular shaped pins are concluded to be most effective (Sandeepa Sarma, et al., 2020). 
Aalco (2020) explain the beneficial properties of aluminium alloys for engineering applications; grade 6082 is defined as the highest strength for fabrication scenario which validates the current manufacturing procedures. ESAB (2020) contrast the equipment required for assuring repeatability within manufacturing; conventional CNC machines are capable of performing simple welds however, purpose built equipment becomes essential as material thickness and weld lengths are increased. Literature relating specifically to utilising conventional milling machines for the successful FSW of aluminium is available, to which it provides comprehensive detail of setup parameters (Banik, et al., 2020). Ramamoorthi, et al. (2020) provide and discuss the findings of a broad investigation into the influence of axial force on 5086 and 6063 series aluminium alloy FSW butt joints. The work’s own review of previous attempts has informed the selection of parameters and sensible variation range. A standard vertical milling machine was adapted for the investigation and tooling manufactured from high speed steel. The work also identifies the inevitability of requiring a robust, purpose made fixture for FSW, as it is observed that sample movement during welding has detrimental effects on the process. Al- Roubaiy, et al. (2019) investigate the metallurgical effects of varying welding parameters such as; traverse speeds, spindle rotation speeds, tool dwell time in the material and variations to tool pins and tool shoulder angles. The investigation also monitors and records the heat flux present in the samples to establish correlation with post-weld hardness and for the validation of a finite element model. The results propose that raising welding travel speeds so to not build heat in the material mitigates the softening effect initiated by the heating; optimum values for FSW exist dependant on the specific welding scenario. It is noted however, that heat values are also specific to this investigation due to the design of the fixture and environmental conditions. Madhusudan, et al. (2020) investigate the effects of altering process parameters with the added dynamic of dissimilar materials; 6061 and 7075 aluminium alloy grades. A dedicated FSW machine of comparable size to that of a heavy CNC milling machine conducted the sample welding. It is established through comparison of results that a cylindrical tool pin geometry is superior to that of a tapered tool pin. The collected data is applied to a finite element model for validation in order to develop useful information such as, deflection and strain values. Reza-E-Rabby, et al. (2018) carry out an investigation which examines FSW of dovetail style joints between steel and aluminium; the use of an intricate, purpose made tool pin with tungsten carbide insert enables enhanced material mixing which is established through microscopy. As a continuation of the report, further work includes building a finite element model to predict mechanical performance in given schenarios (Reza-E-Rabby, et al., 2020).
The above investigations have produced and evaluated results by means of process observations and materials testing; at this stage, the huge variations between setups restricts comparability and it is realised that successful outcomes are often the result of specific process fine-tuning. However, it is clear that a range of parameters exist that produce sensible results on the discussed materials; the purpose of specific workplace investigations is to devise a procedure by which optimum results can be delivered within the confines of the existing capability. 

 


[bookmark: _Toc58614582]7. Project Progress
With reference to the project plan, it is possible to appreciate the manner in which the project has unfolded to the current date. The electronic plan in Microsoft Project has been used dynamically to suit the availability of required resources, ensuring a critical path through each objective whilst maintaining flexibility. With local management agreement, the practical element of the project has been supported with surplus man-hours. Thus, the plan has been amended on an ad-hoc basis to suit those periods of availability and to record key information. The efficient utilisation of this surplus resource has been of critical importance to the completion of the practical tasks within the timescale shown. Project supervisor meeting discussion notes have been recorded in the plan to evidence the collaborative efforts of the project. 
To summarise the current work of the project, the main tasks are discussed. Again, reference to the full plan is required to establish the full view inclusive of administrative tasks. 
· A comprehensive review of appropriate literature has been conducted which focuses on the elements required to set up a successful FSW process within capacity limitations. A suitable range of process parameters have been selected from comparable works; such as, spindle speeds, traverse speed, plunge rates, tool geometry and tool depth. A heavy duty, semi-automatic Ajax universal milling machine with a collect head has been selected to carry out the welding process, shown in Figure 6. This particular machine is generally of low utilisation and will be available on the ad-hoc basis required, as previously described.
· A bespoke welding fixture has been designed and manufactured to specifications attained from literature and observation of successful process, shown in Figure 7. To ensure rigidity and mitigate material fatigue, the fixture has been intentionally designed with a large safety factor. Particular attention has been paid to the features that enable hassle free repeatability; such as, the clamping mechanism, datum faces and he way in which it is attached to the machine. 
· The sourcing of material required for conducting the FSW trials were approved by the engineering department with the justification of contributing towards internal process innovation. The stock material is of the same specification as currently used on structural aluminium fabrications. For the purpose of producing comparable welding samples, the aluminium has been cut to 300mm lengths to suit the welding fixture.
Extruded flat bar aluminium 6082 T6 grade, 2” x ¼”, 2.61kg/m supplied in 5m lengths.  
· The design and manufacture of FSW tooling has been directed by the appropriate literature, material availability and machinery tool holding limitations. Tool steel to BS1407 of 1” diameter has been used to suit the largest tool holding collect on the Ajax milling machine. Figure 11 shows the ground stock material being turned in a Hardinge Super-Precision lathe with an indexable tungsten carbide cutting tool. 
· To begin, several preliminary welding runs were made to establish the correct procedure to attain the best results; experimenting with tool plunge times and total plunge depth from the surface. Parameters were encountered which resulted in tool pin failure; too higher plunge rate before contacting the shoulder and material surface. Tool pin geometry was also adjusted to attain full depth of weld; established by observing the reverse side of the sample plates, shown in Figure 12. 
· FSW trials were completed alongside conventional welding trials. Combinations of traverse speeds and tool rotation speeds where conducted for FSW: 86mm/m, 116mm/m and 450rpm, 560rpm, 710rpm. Metal inert gas and tungsten inert gas processes have been employed to join angle chamfer prepared plates in single pass and multi pass methods. For illustration purposes, a complete FSW is shown in Figure 13. 
· Sample preparation and testing has been carried out in accordance with BS 6892 and BS 6507 which defines plate sample geometry and testing procedure for tensile testing samples and Vickers testing for hardness samples respectively. 
· Sets of data have been obtained from all testing methods for further analysis. 
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[bookmark: _Ref58529948][bookmark: _Toc58614592]Figure 6 - Ajax milling machine
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[bookmark: _Ref58530096][bookmark: _Toc58614593]Figure 7 - Welding fixture and tool

[image: ]
[bookmark: _Toc58614594]Figure 8 - Machined tensile sample
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[bookmark: _Toc58614595]Figure 9 - Hardness testing machine
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[bookmark: _Toc58614596]Figure 10 - Vickers hardness testing machine
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[bookmark: _Ref58603529][bookmark: _Toc58614597]Figure 11 - FSW tool turning
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[bookmark: _Ref58607001][bookmark: _Toc58614598]Figure 12 - Sample reverse side
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[bookmark: _Ref58610610][bookmark: _Toc58614599]Figure 13 - Complete FSW


[bookmark: _Toc58614583]8. Further Work
The future course of the project will be to complete the following tasks in line with the project plan.
· Conduct a set of metallography investigations to allow definitive descriptions of how each combination of welding parameters has effected each sample.
· Collate and analyse all of the material testing results, to primarily identify the most suitable parameters for further use.
· Develop a series of useful FSW finite element weldment joints that can be readily embedded into future mechanical designs which accurately depict the assessed strength.  
· Present the work and findings of the project in the final report and viva.
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