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Abstract
	A microstructural investigation was performed on a new type of friction joining – stationary shoulder corner friction stir welding (SSCFSW). This technique involves welding at a 45° angle and using filler materials in order to produce rounded corner welds. The filler materials were later coated in copper to ascertain the flow behaviour of the material and to determine what happens to the interface between the vertical and horizontal columns being welded. A new phenomenon – the so called “blades” effect – demonstrated two clearly defined regions within the dynamically recrystallised zone (DRX) which had different chemical compositions from each other.
	The investigation focused on some of the most commonly used wrought aluminium alloys – 2xxx, 5xxx, 6xxx, and 7xxx series aluminium. These were selected to give a good comparison between heat treated and non-heat treated alloys. Different aluminium series were also cross welded (2xxx to 7xxx) in order to assess feasibility and material flow behaviour. The vast majority of welds were performed in the 6xxx series material; these included the copper tracer samples and a stationary shoulder friction stir butt weld.
	The first type of analysis was hardness mapping and was initially applied to cross welded alloys AA2014-T4 and AA7075-T6. The hardness maps showed that there were sharp hardness transitions within the DRX. Further analysis with SEM/EDS revealed that the “blades” region - which demonstrated highest hardness within the DRX – was exclusively AA7075-T6 and that the “non-blades” region was exclusively AA2014-T4. Hardness maps were also performed on SSCFSW 6082-T6 and 5083-O. As these were not cross welded materials they didn’t exhibit the same sharp transitions in hardness across the “blade” and “non-blade” regions. However, the hardness profiles did highlight the difference heat treated and non-heat treated alloys, as the 6xxx series saw a drop of hardness across the DRX with some recovery, and the 5xxx series material saw an increase in hardness across the DRX.
Both AA7075-T6 and AA2014-T4 are heat treated alloys, so the intense thermo-mechanical process of FSW is expected to cause the hardening precipitates to coarsen and dissolve. Depending on the post weld cooling process the dissolved second phase precipitates may reprecipitate and cause the material to regain some of its hardness. The blade and non-blade regions in the cross welded alloys were segregated on the basis of alloys composition, i.e. the blade region was entirely AA7075 and the non-blade region was entirely AA2014. Thus the post weld cooling phase favoured reprecipitation in AA7075 over AA2014, hence the far higher hardness measurements found in the blade region. For alloys that weren’t cross welded, the difference between the two regions is negligible, indicating that blade and non-blade regions are a primarily a result of material flow.
	Further tests were carried out on 6082-T6 welds but using copper tracers either between the interfaces of the two aluminium plates to be welded or around the filler wires that would be incorporated into the SSCFSW. A visual inspection showed the distinct presence of the blade and non-blade regions and that copper had preferentially distributed itself into the blade regions. A SEM and EDS was performed on the blade and non-blade regions and confirmed that the blades were copper rich and the non-blades regions were copper free. 
The filler wires that were coated in copper also saw the copper distributed preferentially into the blade region, however, as the filler wires are only consumed the in the top half of the weld, no copper was found towards the base the weld. This indicated that while material is being segregated during welding it is not massively being dragged down. A copper tracer was also placed between the interface of two plates in a stationary shoulder FSW butt weld, and once again the copper preferentially segregated itself into the blade regions. This indicates that the main mechanism for the blade effect is the stationary shoulder and tool, not the angle of the weld.





Crystallographic texture analysis was performed using EBSD for the DRX stretching from the advancing side to the retreating side of weld region. Both regions towards the base and top of the weld region were analysed for a single material SSCFSW of AA6082-T6. The texture had a strong <111> crystal orientation, and was dominated by simple shear torsion texture. The simple shear components of / and C were detected, but instead of a uniform distribution, alternating bands of the B and  components, and trace amounts of the C components. For the stationary shoulder butt welds in AA6082-T6 a similar pattern emerged, but with a much stronger detection of the C component, and more in a banded formation. For the other aluminium alloys tested, the prevalence of the <111> crystal texture was also observed, along with the simple shear components of / and C, but the presence of banding was either faint or non-existent. There was no evidence of the blade effect occurring in terms of texture, as EBSD runs were performed across bands that contained both blade and non-blade regions.
The blades effect appears to be primarily a result of material flow behaviour and not dynamic recrystallisation mechanisms. The DRX has a consistent grain size throughout, but certain materials during welding preferentially distribute themselves either into the ‘blade’ or ‘non-blade’ regions. This phenomenon is likely to be linked to the threading on the tool used for the SSCFSW process, and the lack of interference of the shoulder. 
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AGG	Abnormal grain growth
AS	Advancing side
ASR	Asymmetric rolling
BKD	Back-scatter Kikuchi diffraction
BSE	Back scattered electrons
CCD	Charge-coupled device
CDRX	Continuous dynamic recrystallization
CFAE	Continuous frictional angular extrusion
DDRX	Discontinuous dynamic recrystallization
DRX	dynamically recrystallized zone
EBSD	Electron backscattering diffraction
EBSP	Electron backscattered pattern
FEG	Field emission gun
FSW	Friction stir weld(s)(ing)(ed)
GDRX	Geometric dynamic recrystallization
GPB	Guinier Preston Bagaryatskii
HAGB’s	High angle grain boundaries
HAZ	Heat affected zone
hkl	Miller indices of crystallographic plane
IPF	Inverse pole figure
LAGB’s	Low angle grain boundaries
NG	Nugget zone
NGr	Radius of the NG
NGras	NG radius at the AS
NGrrs	NG radius at the RS
ODF	Orientation distribution function
OIM	Orientation image map
PFs	Pole Figures
PFZs	Precipitate free zones
PPT	Parallel probe tool
Pr	Probe tool radius
Q	Activation energy 
R	Gas constant
RD, TD, ND	Orthogonal axes during rolling process; RD, rolling direction, TD, 	transverse direction and ND, normal direction.
rpm	Revolutions per minute
RS	Retreating side
SEM	Scanning Electron Microscopy
SFE	Stacking fault energy
SPD	Severe plastic deformation
SS	Stationary Shoulder
SSCFSW	Stationary Shoulder Corner Friction Stir Welding
Sx	Thickness of the material sheared  
T	Temperature
TEM	Transmission Electron Microscopy
TMAZ	Thermomechanically affected zone
UFG	 Ultra-fine grain
UTS	Ultimate tensile strength
uvw	 Miller indices of crystallographic direction
Vs	Shearing speed 
WD, TD, ND	 Macroscopic orthogonal axes during FSW; WD, welding direction; 	TD, transverse direction; ND, normal direction.
WE	Weld efficiency
YS	Yield strength
Z	Zener Holloman parameter
z	Atomic number
α	 Local shear reference frame rotation angle due to the tool rotation
β	 Local shear reference frame tilt angle due to the tapering  of the tool

 	Shear strain rate 

	Tensile strain rate
θ,z,r	Orthogonal axes during torsion; θ, Shear direction; z, Shear plane 	normal; r, zero strain direction
Φ	Euler angle of rotation about the X axis
φ1	First Euler angle of rotation about the Y axis
φ2	Second Euler angle of rotation about the Y axis

Chapter 1 – Introduction
[bookmark: _Toc404107854]1.1 - Introduction
	Friction stir welding (FSW) has come a long way since its invention in 1991 by Wayne Thomas, as part of the welding institute (TWI). The initial process of FSW allowed for abutting aluminium plates to be welded together and even non-weldable alloys such as 2xxx and 7xxx series were successfully welded. The process further developed making it possible for the FSW of other materials such as titanium, zinc, magnesium, and even steel [Sato et al. 2005]. Innovations were necessary during FSW development, such as the use of a stationary shoulder for the purposes of titanium FSW, necessary because of its high conductivity. Until now FSW welding has only been possible on flat surfaces, but new developments have allowed for the FSW of corners of varying angles.
	FSW and corner FSW (CFSW) are very similar processes in many ways. In FSW a non-consumable tool, typically consisting of shoulder and tool pin (or probe), are plunged into two abutting plates in fixed position. By the process of frictional heating from the rotating tool, the intended material softens, and is then mechanically deformed as the tool travels across the weld region. What makes FSW unique is that instead of melting the material, it undergoes localised severe plastic flow around the rotating tool. Instead of the welding process being a casting process like other welding techniques, it is a hot forging process or thermo-mechanical process. The distinction of being a thermo-mechanical process instead of a casting process is why FSW achieves such good weld coherency, efficiency, and can even be considered to be a green process [Mishra and Ma, 2005]. The difference between FSW and CFSW is that the shoulder - instead of being fixed - is separate and shaped to accommodate the angle of the corner that it is welding.
	A corner FSW of this kind requires a stationary shoulder therefore the process of corner FSW is actually stationary shoulder CFSW (SSCFSW). With the tool pin having the dominant effect of the thermo-mechanical deformation of the weld, and the shoulder acting as a heat sink and shaper, this has a significant impact on the weld characteristics. The typical microstructural zones that are expected to be found in a FSW are A) the unaffected material, B) the heat affected zone (HAZ) which has only been affected by heat, C) the thermo-mechanically affected zone (TMAZ) which has been affected by heat and plastic deformation, and D) the dynamically recrystallised zone (DRX) which has undergone dynamic recrystallisation to produce fine grains. All these zones are present, but the TMAZ is significantly smaller, largely due to the lack of a fixed shoulder doing additional thermo-mechanical work during welding. Despite these differences and others, typical processing variables such as traverse speed, rotation rate, material composition, and tool design still significantly decide that microstructural properties of a SSCFSW. Thus understanding how these parameters affect the welding process and the resulting microstructure, mechanical properties, and crystallographic texture, is an important area of research.


[bookmark: _Toc404107855]1.2 – Aim
	The overall aim of this thesis is to investigate the microstructure and crystallographic texture of stationary shoulder friction stir welded aluminium alloys, and any new arising phenomena that occurs from this particular technique. The main area of interest is to investigate the difference between the microstructure and crystallographic texture of a SSCFSW and conventional FSW butt weld. Understanding the flow behaviour of the material during welding and any consequential phenomena is important, along with how variations in process parameters effect the weld properties. The analysis of cross welded dissimilar materials using the SSCFSW process and the use of copper tracers will help achieve the aim of investigating the flow behaviour of material.
[bookmark: _Toc404107856]1.3 – Objectives
	With the help of TWI and the use of its FSW machines, and the University of Sheffield’s optical microscopy devices, scanning electron microscopy devices, and hardness testing machines, a wide range of SSCFSW samples can be produced and thoroughly analysed. The hardness, optical microstructure, and crystallographic texture can be analysed for the following SSCFSW. Key objectives include; the investigation of cross welded different aluminium alloy and any resulting microstructural phenomena, direct comparisons of stationary shoulder welds with corner stationary welds, and the use of copper tracers to track material flow behaviour. By using optical microscopy, hardness mapping, scanning electron microscopy (SEM), and electron backscattering diffraction (EBSD) these effects can be accurately analysed and quantified. 
[bookmark: _Toc404107857]1.4 – Thesis Outline
	This research is divided into 9 chapters which look at achieving the above objectives; the details of each chapter are given below:
· Chapter 2 – In this chapter the fundamental science behind FSW and SSFSW is covered. This includes the advantages, weaknesses, process variables, tool designs etc. and is the basis of interpretation for the current research that has been produced. This also covers EBSD techniques and background science, varying thermo-mechanical processes related to FSW, and the use of tracers to track material flow during FSW.
· Chapter 3 – In this chapter a detailed description of the FSW welding technique, sample preparation, etching, and analytical techniques that were employed during this research are discussed.
· Chapter 4 – This chapter looks at the SSCFSW 6082-T6 samples, both their microstructural properties and also their crystallographic texture. This section also covers rotation correction which is essential for accurate interpretation of EBSD results
· Chapter 5 – This chapter covers the use of copper tracers between the different interfaces in a SSFCSW. In all cases copper tracers were used for AA6082-T6, and the interfaces were between the vertical and horizontal plates and the filler wire.
· Chapter 6 – In this chapter other alloy types are investigated – AA5083-0, AA2024-T4, AA2014-T4, and 7075-T6. Similar to chapter 4, a full set of microstructural and crystallographic texture analysis was performed.
· Chapter 7 – This chapter explains the various different phenomena that results from SSCFSW, and considers various process parameters and material flow behaviour.
· Chapter 8 – In this chapter the conclusions drawn from the research are mentioned, taking into account microstructural features and crystallographic texture.
· Chapter 9 – This chapter discusses further research and the long term research potential of SSCFSW.



Chapter 2 – Literature Review
[bookmark: _Toc404107858]Part 1 – The FSW and SSCFSW process
[bookmark: _Toc404107859]2.1.1. - The Basics of FSW
	Friction stir welding (FSW) was invented in 1991 by The Welding Institute (TWI), and is a solid state joining process that has allowed for the welding of aluminium materials previously considered unweldable by other welding techniques [Thomas, 1991]. The FSW process involves a rotating tool being forced down upon join line of two abutting materials and through the process of heating due to friction, both materials undergo an increase in temperature locally until they soften and plastically deform [Threadgill, 1999]. While the materials are held between the base plate and the shoulder of the FSW tool, they are swept around the tool pin due to its rotation [Xu et al. 2001]. As the material in front of the tool is soft enough it is able to travel across the join line, and as it does material is forced into a complex flow pattern around the rotating pin [Colligan, 1999]. As the moving material is pushed back around the pin it fills the void it created by its forward motion, and thus a joint is created [Sato, 1999]. At the end of the process the tool pulls out and leaves and exit void, figure 1.1 shows the FSW process systematically.
[image: ]
Figure 1.1 - The friction stir welding of butt welds [Threadgill, 1999]
	In a typical butt FSWeld there are two sources of heat input, the shoulder and the pin [Kumar and Satish, 2008]. The primary source of heat input into a conventional FSW butt-weld is from the shoulder [Schneider et al. 2006], which is due to high levels of sheer at the welds surface. The shoulder also influences the movement of material on the surface, its inherent microstructural characteristics, and the surface appearance of weld [Leal et al. 2008]. The FSW tool pin has much more of an influence towards the base of the weld, and its design will affect the vertical flow of material during welding [Zhao et al. 2006].
[bookmark: _Toc404107860]2.1.1.2 – The advancing side (AS) and retreating side (RS)
	In order to consider the motions of a FSW tool during welding one must first consider a cross section of FSWeld tool in x and y directions. The x-direction is the same direction as the welding direction and the y-direction is perpendicular to it. The rotary motion of the tool ensures material is moved from one side of the y-direction to the other and vice versa. Equally in the x-direction material is being moved from back to front at the same time as the material flow from the y-direction. The side in the y-direction that material is taken from is known as the advancing side (AS), and the other side of the y-direction that the material is taken to is known as the retreating side (RS). The front of tool facing the welding direction is known as the leading side, and back is known as the trailing side. This is shown in figure 2.1.1.2:
[image: ]
Figure 2.1.1.2 – A schematic demonstrating the different FSW nomenclature in the x and y directions [Vilaca et al. 2012]
	The AS and RS have a significant relationship with the microstructure of the weld and its weld zones, this is particularly evident as the AS has a sharp transition between the weld nugget and thermo-mechanically affected zone, but the RS has a far more gradual interface. These characteristics are easily identified in optical macrographs of the z-plane, where the welding direction (WD) is coming out of the plane, the y-direction is horizontal, and the z-direction is vertical.

[bookmark: _Toc291760843][bookmark: _Toc404107861]2.1.2. - The development of T-weld FSW and SSCFSW
	Until recently the main application of FSWelds has been for butt welds, typically because the shoulder of the tool restricts access to the corner of a weld. To try and solve this problem initially welding from the back of the base (see fig 1.3) was trialled by TWI, however, the drawbacks to this method meant that it was difficult to get 100% joint coverage and sharp corners were produced which act as stress raisers [TWI, 2010], [Fratini et al. 2008]. To try and solve the square corners problem shaped formers were positioned underneath so that during the welding process rounded corner welds were created. The problem with this technique was that material that should be in the top plate had moved to the corners and so undercutting would occur. Furthermore, in certain industries it is difficult to practically weld from the base such as in the aerospace industry where the fuselage is the base. The limitations of undercutting and practicalities in certain industries led to a different approach to corner welding which involves the recently developed stationary shoulder approach.
[image: ]
Figure 1.2 – Early attempts at FSW corner welds and their drawbacks – [TWI, 2010]
	The stationary shoulder was developed originally for titanium FSW, where instead of having a shoulder attached to the tool; a separate shoulder that doesn’t rotate (hence stationary) was developed. It worked on the basis that a tool could move through the shoulder, and as titanium has a low conductivity, the high heat input which is predominantly generated by the shoulder of a FSW tool, is reduced [Russel et al., 2005]. Therefore the only real region that experiences high heat input are those that directly contact with the FSW tool. The stationary shoulder was modified so that instead of being flat it was at 90 degree angle, thus diagonal welding could be achieved (see fig.1.3).
[image: ]Figure 1.3 – SSFSW both vertically (left) and at 45° Angle (right)
	With a completely squared stationary shoulder square corners are still produced, which act as stress raisers, so the shoulders were redesigned to be rounded. The stationary shoulder was designed so that on one side in front of the welding zone it would be squared to fit with the original material and on the other side behind the welding zone it was rounded in order to iron the material into a rounded shape (see fig 1.4). Filler material was also required, thus the vertical bars for the t-weld were filleted to provide the additional material. By doing two welds on either side of the vertical bar a complete t-weld was produced (see fig 1.4) [Martin et al., 2011]. 

[image: Picture21]
Figure 1.4 – The design of the stationary shoulder required to create rounded corner FSW
[bookmark: _Toc404107862]2.1.3 - The different Aluminium alloys
	The aluminium alloys can be largely divided into two distinct categories, the wrought and cast alloys [ASM handbook, 1999]. Cast alloys will typically take the form of castings and ingots, and wrought alloys which normally take the form of rolled plates, extrusions, and foils. Within these two main categories, two further subdivisions can be given which are the heat-treated and non-heat treated alloys. The addition of various alloying elements can add certain characteristics such as formability and corrosion resistance to the aluminium alloy. Most significantly, the wrought alloys can be broken down into a further designation system which takes into account their alloying elements, and their thermo-mechanical history, known as the wrought aluminium alloy series. Table 2.1.3.A gives a breakdown overview of the different series.
Table 2.1.3.A – An overview of the different wrought aluminium alloy series [ESAB, 2013]
	Alloy Series
	Principle Alloying Element
	Applications in Industry

	1xxx
	99% minimum Aluminium
	Electrical and Chemical

	2xxx
	Copper
	Aerospace

	3xxx
	Manganese
	Architectural

	4xxx
	Silicon
	Welding rods and brazing sheets

	5xxx
	Magnesium
	Boat hulls, marine environments

	6xxx
	Magnesium and Silicon
	Architectural extrusions

	7xxx
	Zinc
	Aircraft structural components and high strength application

	8xxx
	Lithium, tin, and other elements
	Miscellaneous components



	The aluminium alloy designation system for the wrought alloys has principally 4 numbers in it, with the first number (Xxxx) indicating its main alloying element as shown in table 2.1.3.A. The second digit (xXxx) of the designation system indicates how the specific alloy has been modified, and if it hasn’t been modified then the value will be 0. The third and fourth digits (xxXX) are the specific place of the alloy within that series, so for AA5083 the 83 represents where it lies within that series. This is true for all series accept the 1xxx series where the last 2 digits show the minimum percentage of aluminium in the series, so for 1050 the aluminium percentage is 99.50% [ESAB, 2013].
	Within the alloy designation system the temper designation system needs to be also understood, which is where the heat treated and non-heat treated alloys are better defined. The 1xxx, 3xxx, and 5xxx series are not heat treatable, thus only gain their strength from strain hardening, and the 2xxx, 6xxx, and 7xxx series are heat treatable. The 4xxx series has a mixture of heat treatable and non-heat treatable alloys. The heat treatable alloys gain their optimum mechanical properties through thermal treatments such as the “T” temper which involves a solution heat treatment and artificial aging. A typical solution heat treatment involves heating a said alloy to an elevated temperature (i.e. 500°C) which puts the alloying elements into solution, and when quenched a supersaturated solution is created at room temperature. In order to obtain desired material characteristics an aging process usually follows, which sees the precipitation of a certain proportion of the supersaturated elements. 
	The various tempers used as part of the aluminium alloys can be broken down into 5 distinct sections, F,O,H,W, and T. The designation F means as fabricated, O stands for annealed, H has been strain hardened, W has been solution heat treated, and T has been thermally treated. The non-heat treated alloys are typically in the 0 condition, whereas the heat treated alloys are usually in the T condition. The “T” temper can be divided into a further 10 other conditions, the full list is shown below in table 2.1.3.B, but the main tempers of interest for this research are T4 and T6. Some of the most common tempers are T4 and T6 which both have been solution treated, but T4 has been naturally aged, and T6 has been artificially aged.
Table 2.1.3.B – The various sub-divisions of tempers [ESAB, 2013]
	Temper Designation
	Process

	T1
	Naturally aged after cooling from an elevated temperature shaping process, such as extruding

	T2
	Cold worked after cooling from an elevated temperature shaping process and then naturally aged

	T3
	Solution heat treated, cold worked and naturally aged

	T4
	Solution heat treated and naturally aged

	T5
	Artificially aged after cooling from an elevated temperature shaping process

	T6
	Solution heat treated and artificially aged

	T7
	Solution heat treated and stabilized (overaged)

	T8
	Solution heat treated, cold worked and artificially aged

	T9
	Solution heat treated, artificially aged and cold worked

	T10
	Cold worked after cooling from an elevated temperature shaping process and then artificially aged


[bookmark: _Toc404107863]2.1.4 - FSW Properties
At high strain rates and low temperatures materials with ultrafine grain properties – such as FS welds – typically demonstrate improved mechanical properties such as high toughness, strength, and super-plasticity [Koch et al. 1999][McFadden et al. 1999][Weertman et al. 1999]. Extensive research has looked at ways of achieving the ultra-fine grained (UFG) effect in materials including the severe plastic deformation (SPD) approach, which can involve the equal channel angular pressing (ECAP) technique. By using these methods bulk ductile materials undergo UFG transformations to produce structural materials [Murayama et al. 2001][Xu et al. 2003][Zhao et al. 2004][Mishra et al. 2007]. 
	Within the SPD technique friction stir processing (FSP) can be employed which is based on the FSW process. The technique was originally developed by Mishra and other associates [Mishra et al. 2000][Mishra and Mahnoney, 2001][Mishra et al. 2003] and involved plunging non-consumable FSW tool into a fixed work piece, and then FSW a given area. The FSP process will then cause microstructural modification of a given material resulting in a specific property enhancement, such as super-plasticity at a high strain rate for AA7075 [Mishra et al. 2000][Mishra and Mahoney, 2001][Ma et al. 2002], or even to create surface composites on aluminium substrates [Mishra et al. 2002][Mishra et al. 2003]. 
[bookmark: _Toc404107864]2.1.5. - FSW compared to other welding techniques
	The solid state joining process that is FSW yields significant advantages over welding types for aluminium alloys including MIG, TIG, Arc, and fusion welding [Hagstrom and Sandstrom, 1996]. As FSW is solid state joining process many of the ill effects associated with resolidification from alternative welding methods are eliminated. The other welding techniques typically subject aluminium to high temperatures causing the alloy to partially melt; problems with this include hot cracking, porosity, and distortion [Sutton et al. 2002]. FSW instead of being a cast weld process is a forge weld process, and so plastic flow from the heat induced process results in a change in microstructural properties, which can often improve the mechanical properties of the weld [Jata and Semiatin, 2000].
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Figure 2.1.5.A – The stress vs fatigue cycles life plots for MIG and FSW [Zhou et al. 2005]
	Research was performed by Zhou et al. on AA5083 compared FSW to MIG welding with the objective of comparing its fatigue life [Zhou et al. 2005]. Figure 2.1.5.A – shows a plot of stress vs fatigue cycles for MIG and FSW welds, with FS welds lasting 9-12 times longer than MIG welds, and the calculated fatigue characteristic values are 39.8 MPa for MIG and 67.3 of FSW. Research by Squillace et al. on AA2024-T3 compared FSW to TIG welding, which showed an overall decrease in micro-hardness for the TIG weld, but less extreme decay for the FSW weld, depending on which weld zone was analysed [Squillace et al. 2004]. The results also showed that pitting tendencies were less evident in FS welds than in TIG welds. A review by Defalco compared fusion welding with FSW, and demonstrated for both plate and extruded AA2195-T8 that FS welds had higher UTS values than the variable polarity plasma arc (VPPA) fusion welds [Jeff Defalco, 2006]. The paper also commented on how FSW causes increased resistance to stress corrosion cracking (SCC). Conventional fusion welding in AA2014-T4 and AA7075-T6 causes grain boundary precipitation in the HAZ, which consequentially increases the alloys susceptibility to SCC, with FSW this effect is effectively eliminated.
[bookmark: _Toc404107865]2.1.6 - Advantages of FSW
	One advantage of FSW is that it can weld so called ‘unweldable’ aluminium alloys such as 2xxx, 7xxx, and 8xxx series. Research performed by [Mishra and Ma 2005] indicated the advantages from FSW can be broadly categorised into 3 distinct groups, metallurgical, environmental, and energy. A full list of the advantages can be shown below in table 2.1.4.1 which was taken from their research paper:
Table 2.1.4.1 – Advantages of FSW [Mishra and Ma, 2005]
	Metallurgical advantages
	Environmental Advantages
	Energy Advantages

	Solid state joining process
	No Shielding gas required
	Improved materials use (i.e. joining different thickness) allows reduction in weight

	Low distortion of work piece
	No surface cleaning required
	Only 2.5% of energy needed for a laser weld

	Good dimensional stability and repeatability
	Eliminate grinding waste
	Decreased fuel consumption in light weight aircraft, automotive and ship applications

	No loss of alloying elements
	Eliminate solvents required for degreasing
	

	Great metallurgical properties in joint area
	Consumable materials saving, such as rugs, wire or any other gases
	

	Fine microstructure
	Can be performed under water
	

	Replace multiple parts joined by fastener
	
	

	Absence of cracking
	
	


[bookmark: _Toc404107866]2.1.7 – Advantages of Stationary Shoulder Corner FSW
	The most critical advantage of the process is that now angled plates can be welded, but also produce rounded effects, or other shapes if necessary. As SSCFSWelding involves the use of a stationary shoulder there is a reduced heat input compared to that of fixed shoulder, which generally results in improved weld microstructure and properties. It now is easier to add ribs and straighteners to existing components, but also eliminate any weak corners from other weld types. Other advantages are listed below:
1. Reduced use of energy compared to that of MIG, TIG, and other welding types
2. Reduced material wastage
3. Weld quality is far more uniform than other welding types
4. No fume extraction is required, giving a better working environment
5. Allows for full FSW construction
6. Can eliminate need for sealants on aerospace stringers
7. Improved corrosion resistance
8. More light weight joints
[bookmark: _Toc404107867]2.1.8 - Limitations to FSW
	There are several drawbacks to the both the FSWelding process and the SSCFSWelding process. In both cases the workpiece has to be firmly clamped and a there is a key hole from where the FSW tool has exited the weld. For SSCFSW it requires to two runs for either side of the t-weld, and between the first and second welds completely different clamps have to be used to accommodate the joints first weld. Finally, the current technique has not be applied to really thick sections (>200mm) and so needs further testing.
[bookmark: _Toc404107868]2.1.9 - Applications of FSW and SSCFSW
	While FSW is predominantly used on aluminium it has also been used on multiple materials which include steel [Thomas et al. 1999], titanium [Gould et al. 1998], nickel base super alloys [Fujii et al. 2006], copper [Lee and Jung, 2004], and magnesium [Zhang et al. 2005]. Furthermore, it has seen use in the aerospace industry, railways, nuclear and other electrical power plants, automobiles, machine tools, metal processing, the petro-chemical industry, and electrical and mechanical sectors [Thomas et al. 1997]. Due to a rapid uptake of the technology [Fukuda, 2001], the FSWelding process has been applied conventional butt welding, but also further fields that involve the welding of cylindrical and three-dimensional joints. With the addition of now corner FSWelding, there are few applications that FSW doesn’t have.
	Below are some examples of the applications of both FSW and SSCFSW which come from TWI and other published authors [Thomas et al. 1997, Dudzik et al. 2009]:
[bookmark: _Toc404107869]Aerospace applications
· Stringers to skins (SSCFSW)
· Spacecraft fuel tanks
· T-joints for fighter aircraft – Rudder fairings
· Fuselage, wings, and other parts for large aircraft (both FSW and SSCFSW)
· Commercial jets
[bookmark: _Toc404107870]Automotive application
· The disks and rims for aluminium wheels
· Pipes and die-cast for the intake manifold
· For lorries – the panel on the hydraulic lift
· The support and mount for engines
· Suspension arms
· Car body and attachments (SSCFSW)
[bookmark: _Toc404107871]Applications for other fields
· High quality welds for battleships (steel FSW)
· Bulkheads and decks for ships including t-joints (SSCFSW)
· Refrigerators and their cooling panels
· Fabrication of thick sections beams for LNG tanks
· Cross welds on ship decking (SSCFSW)
· Roof section on trains – possibility of adding internal brackets
· Fully FSW construction of train cars, i.e. panels, compartments
· Motor housing for helicopters
· The welding of angled plates on armour
[bookmark: _Toc404107872]2.1.10 - FSW variables
	There are two main factors that affect weld properties in FSW, tool geometry and process variables. Process variables include traverse speed and RPM, which in combination with the design of the tool are responsible for the material flow behaviour and heat input and its distribution. As a result the evolution of the material and its microstructure is decided, along with its deformation history. In this section, processing parameters and tool geometry are discussed further.
[bookmark: _Toc404107873]2.1.11 – Tool geometry
	The FSW tool has two main roles, material flow and localised heating. The localised heating aspect of the tool is critical to the start of the process, as the friction of the tool pin causes the material to soften before plunging into it. Once the tool is inserted into the material, it continues to heat and soften the material, but also dominates the material flow process by moving material from the front to the back of the tool. Depending on the design of the tool both horizontal and vertical flow patterns can be expected [Zhao et al. 2006] 
	The tool is typically composed of two parts a shoulder and pin, and particularly of thin welds it is the most significant source of heat. For thick section welds and for SSCFSWelds however, the prevailing heating mechanism is the pin. In stationary shoulder welds, instead of being a heat source the shoulder becomes a heat sink, removing further heat from the system and improving weld micro-structure and properties. In the case of SSCFSWelds, the shoulder acts as a heat sink and shaping mechanism, and the tool pin is the only source of heat input and material flow.
	The biggest area of tool development has been in the area of butt welding, where tool design and its materials are continually being developed. Thomas et al demonstrated with a cylindrical threaded tool - used to make lap weld in wrought AA5083-0 - that good FSWelding can only be achieved by tools that are right for the given application [Thomas et al. 2002]. While a FSWeld was achieved, in a later bend test the weld proved to have poor tensile properties the cause of which is linked to the interfacial oxide surface layers for that alloy. A modified tool would be required that was wider and can cause full disruption the interfacial oxide layers such as the flared trifluteTM as shown in table 2.1.7.2.A.

Table 2.1.7.2.A – A series of tools designed by TWI [Nandan et al. 2008]
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	Various tool designs can offer a wide range of functions and benefits for welding, the WhorlTM and MX trifluteTM can allow for thicker section welds up to 50mm and 60mm thick respectively. The flared trifluteTM and A-skewTM allows for good FSWelding for lap joints, and the Re-StirTM allows for good weld asymmetry. 
[bookmark: _Toc404107874]2.1.11.1 - Shoulder design
	The shoulder part of the tool for conventional butt welding has two roles, to generate heat and to prevent plasticised material from leaving the workpiece. For SSCFSW it also prevents material escaping, but additionally acts as shaper and heat sink give corner welds their idealised form. Additional advantages to SSFSWelding include a reduction in the thermal weld cycle experienced at the surface of the weld, smooth weld surfaces without material reduction, a more accurate control of heat input allowing for improved welding stability, and a reduction in tool wear – especially for titanium welding [Russel et al. 2005]. Different shoulder designs have been investigated for fixed shoulders such as that by Scialpi et al who concluded that for FSWelding 6082-T6 a shoulder with a fillet and cavity improved traverse and longitudinal strength of a weld [Scialpi et al. 2007]. However, as the SSFSW field is a relatively new development, and because the shoulders need not rotate, there has been little work done in their optimisation.
[bookmark: _Toc404107875]2.1.11.2 - Tool pin design
	Tool pins can have a wide array of shapes and features, such as whether or not they are cylindrical or tapered in shape, and whether or not they are threaded. Their cross-sectional shape can vary from circular to triangular, or even fluted as shown for the whorl type probe in figure 2.1.7.2.B. Equally the threaded distance can also vary, with some probes having a uniform set of threads from shoulder to tool tip, or with changing pitches and angles. Overall tool probe efficiency can be linked to the swept volume to static volume ratio, which as it increases so does the effective material flow. The various features found on tool pins including its cross-sectional shape reduces the tools overall volume and therefore increases the swept volume to static volume ratio.

[image: FSW tools]
Figure 2.1.7.2.B – Several basic whorl type probes [Thomas et al. 2002]
The effect of threaded and non-threaded tools was studied by Zhao et al on FSWelded 2014 plates [Zhao et al. 2006]. It was established that both cylindrical and tapered tools without threads have poor mixing in vertical direction which cause defects such as worm holes in the base of the TMAZ. However, by using threads on tapered tools, defect three welds are achieved; this is because screw threads generate more heat through friction and cause a downward force that encourages material flow. 
	The effect of streamlines or ‘flutes’ around tool pins such as the MX TrifluteTM was compared by Colgrove and Shercliff to the triangular TrivexTM tool that has a convex surface (see Figure 2.1.7.2.B) [Colegrove and Shercliff, 2004]. It was observed that the triflute tool had an increased downward force due to its powerful auguring action. However, when it comes to traversing and downward forces during FSW, it was observed that Trivex had much lower forces than that of Triflute. The authors concluded that convex shape of the Trivex prevents the tool sticking to the material, and so at the tool-metal interface a reduction in sheer force and then traversing force occurs. The opposite is true for the Triflute, which sees high traversing forces even at low applied sheer stress. This because its features impede flow by entrapping material within threads and streamlines causing a far greater shearing effect and therefore greater tool forces.
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Figure 2.1.7.2.B – A non-threaded and threaded TrivexTM tool (left) and a MX trifluxTM tool (right) [TWI 2003]
	Research performed by Hattingh et al looked at the influence of tool geometry on the welding process parameters (torque and maximum force range) and resulting tensile strength of AA5083-H321 [Hattingh et al. 2008]. An extensive analysis was performed by varying six tool variables:
1. A consistent increase in the number of flutes
2. A consistent increase in flute depth
3. A consistent increase in flute angle
4. A consistent increase in pin taper angle
5. A consistent decrease in pin diameter
6. A consistent increase in the thread pitch
	In each case an optimum condition was obtained that would give the weld with the highest tensile strength and best welding process parameters, and can be summarised in table 2.1.7.2.B:
Table 2.1.7.2.B. – Summary of weld tool designs, their process parameter ranges, and their idealised results for maximum tensile strength [Hattingh et al. 2008]
	Tool design Variance
	Temperature range (°C)
	Torque range (Nm)
	Maximum force range (N)
	Tensile strength range (MPa)
	Ideal solution for maximum tensile strength

	No. of flutes (1-4)
	506–576
	58.1–64.3
	2713–5471
	184–290
	3 flutes

	Increase of flute depth (6.5mm to 3.5mm)
	551–601
	55.8–65.0
	3043–4605
	141–256
	4.5 mm

	Flute angle (10-40°)
	566–583
	42.2–63.2
	3369–3829
	160–337
	30° angle

	Pin taper (20%-to 50%)
	497–552
	46.0–53.8
	2881–3546
	209–331
	50%

	Pin Diameter (12mm-6mm)
	526–572
	45.7–67.2
	3507–5100
	10–207
	8mm

	Thread pitch (16-28 tpi)
	553–575
	46.7–59.8
	3828–5019
	110–174
	20 tpi



	It was demonstrated that the highest pin taper produced the best results in terms of acquiring the maximum tensile strength, but that for all the other tool geometries that a medium value within the range (such as 3 flutes, a thread pitch of 20 tpi) produced best results. There was some difficulty even performing welds with wide pin diameters (12mm) as a high level of defects were produced during welding with the tool. While this research performed was relatively comprehensive, it only covered a wrought alloy; further research is needed on precipitate hardened alloys such as 2xxx, 6xxx, and 7xxx series in order to start using the research as a base for ideal tool design.
[bookmark: _Toc404107876]2.1.13 – Process Variables
	There are several independent process variables that affect the FSW, these include the vertical pressure on the tool, its rotation rate, traverse speed, and tilt angle. Traverse speed (mm/min) and rotation rate (RPM) are the two most important parameters. The traverse speed decides the rate at which the tool travels across the weld line, and rotation rate decides the speed at which plasticised material at any particular point in the weld is stirred from front to back around the tool. Each material to be welded will have optimised process variables that are essential in order to achieve a coherent weld without defects and with improved mechanical properties [Shindo et al. 2002]. There is an equation that describes the relationship between tool rotation and traverse speed in terms of energy output per mm of weld and is displayed below in equation 2.1.7.3.a [TWI 2003]:
		Eq. 2.1.7.3.a
	The equation gives a good mathematical relationship between the two key process variables, and highlights how to increase the energy input by manipulating either. By increasing rotation rate an increase of heat input into the weld occurs, equally decreasing it will decrease the heat input, this is because tool rotation directly causes frictional heating. Equally, increasing the traverse speed will decrease the heat input, or reducing it would do the inverse. A reduced traverse speed shortens the tools dwell time per mm of weld, therefore quicker cooling and heat dissipation takes place through the base metal, and less heat input is achieved [Gharacheh et al. 2006].
	Work on AA6063 by Sato et al highlighted a relationship between RPM and peak temperature in a weld, showing that with increasing RPM the peak temperature also increases (figure 2.1.7.3.A) [Sato et al. 2002]. For all rotation speeds (800, 1220, 2450 RPM) equiaxed grains are created within the weld region, however, with increasing RPM the average equiaxed grain size of each FSWeld increased (5.88, 9.21, 17.75 µm). This is because the higher thermal input accelerated grain growth. Attallah and Salem also demonstrated that low thermal input came from low rotation speeds and high traverse speeds, and that fine grains were created through the FSW process [Attallah and Salem 2005]. It was pointed out that the fine grains produced give sufficient thermal instability to allow for abnormal grain growth (AGG) to occur during FSW, and the advantage of grain refinement can become a hindrance in during post weld heat treatments because it facilitates AGG.
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Figure 2.1.7.3.A – The effect of increasing rotation speed and peak temperature [Sato et al. 2002]
	Work by Cavaliere et al. found that for AA6056 the lowest traverse (40 and 56 mm/min) and rotation speeds (500RPM) gave the material the highest ductility and that the corresponding inverse of those parameters would decrease their ductility [Cavaliere et al. 2006]. However, in order to achieve a high tensile strength both high traverse (80 mm/min) and rotation speeds (800 and 100 RPM) are required. The cause for this phenomenon is linked to the solvus temperature of the coarse and fine hardening precipitates, which require additional thermal input in order to solutionise. With an increase in rotation speed there is enough heat input to cause the existing coarse precipitates to solutionise, but not too much heat to melt the parent material. Consequently upon cooling re-precipitation occurs and the volume fraction of coarse precipitates decreases and for fine precipitates it increases, resulting in an increase in strength. Thus varied and optimised conditions are required in order to get various material properties.
	Tool tilt is an important consideration when it comes to butt-weld FSW as the correct tilt angle will ensure the shoulder of the tool encourages efficient material movement from front to back of the probe while holding stirred material down [Mishra and Ma, 2005]. However, with stationary shoulders and further more with SSCFSW this is less of consideration as the angle of the tool is fixed. As the stationary shoulder also acts as a type of shaping iron that covers a significant section of the weld area at any given time, tool tilt is practically constrained.
	The last remaining parameter of significance is torque, which is predominantly dependant on applied vertical pressure. However, tilt angle, tool design, the friction coefficient, and the amount of localised sheer stress and slip at the interface between the tool and material are also significant contributors to the torque. In general torque decreases with increasing tool rotation, this is because the high thermal input and strain rate makes it easier for the material to flow. While traverse speeds have less of an effect on torque, an increase in traverse speed will usually increase torque marginally, mainly due to lower thermal cycles which make material flow more difficult. Tool depth also effects torque, as a depth that is too shallow causes inefficient material flow, and tool depth that is too deep can meet with the work-piece and generate excess flash, thus increasing torque [Nandan et al. 2008].

[bookmark: _Toc404107877]Part 2 – The macro-structural and microstructural properties of FSW
[bookmark: _Toc404107878]2.2.1 – The FSW zones
	FSWelds can be divided into 4 distinct zones – parent material, heat affected zone (HAZ), thermo-mechanical affected zone (TMAZ) and the dynamically recrystallised zone (DRX) or nugget (see figure 2.2.1.A) [Threadgill 1999]. These zones are named based on the deformation and thermal input they have experienced during FSW.
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Figure 2.2.1.A – The various microstructural zones found in conventional FSW [Threadgill, 1999]
[bookmark: _Toc404107879]A – Parent material (unaffected material)
	Parent material, as the name suggests, is the original material that has not been significantly affected by the FSW process either mechanically or thermally. It should for all intents and purposes be exactly the same as the material that existed before the weld. However, due to the high conductivity of aluminium, it is inevitable that the parent material will experience some additional heat increase, but this is not significant enough to alter its mechanical properties or microstructure.
[bookmark: _Toc404107880]B – The heat affected zone (HAZ or thermally affected)
	The HAZ is only ever affected by the thermal cycles that the weld experiences, and is not plastically deformed. While precipitation mechanisms are affected by the heat input, the grain structure remains intact, as the main mechanism for grain recrystallisation is the mechanical sheer strains the material experiences from the welding tool. For heat treatable aluminium alloys, temperatures need to be in excess of 250°C, in order for a zone to be considered a HAZ [Mahoney et al. 1998].
	Research by Su et al into AA7050-T651 revealed that while grain size in the HAZ had remained the same as the parent material, the strengthening precipitates had coarsened significantly [Su et al. 2003]. In the regions near the grain boundaries the precipitate free zones (PFZ) had increased by up to 5 times. Similar research was carried out by Liang et al for AA2519-T87 drawing many of the same conclusions, it was also noted that the HAZ was found to show a drop in hardness, corresponding with lower strength due to courser precipitates [Liang et al. 2011]. 
[bookmark: _Toc404107881]C – The thermo-mechanically affected zone (TMAZ)
	The TMAZ is a distinct transition region between the HAZ and the nugget, and one of its most characteristic features is deformed, elongated grains related to the tool. The TMAZ is largest towards the surface of the weld where fixed shoulder is able to influence the material flow more. While the TMAZ undergoes plastic deformation, it doesn’t undergo enough plastic strain in order to facilitate recrystallisation, so no new grains are formed. In terms of precipitates Laing et al reported lowest hardness (83 HV) in the TMAZ, relating to the high thermal exposure during welding [Liang et al. 2011]. Once again far coarser precipitates are formed due to resolutionisation and reprecipitation. 
[bookmark: _Toc404107882]D – The dynamically recrystallised zone (Nugget)
	The nugget or NG undergoes high cyclic heat input and strain, so much so that dynamic recrystallisation can occur. The high plastic deformation and thermal cycles result in a fine grain structure, which is characteristic of the NG, and distinguishes it from other zones. The fine grain characteristic of nugget has been an area of great research, partially because ultra-fine grain materials (UFG) typically exhibit improved mechanical properties. Such properties include increases in strength and toughness, but also materials can demonstrate superplasticity [Su et al. 2005]. 
[image: ]
Figure 2.2.1.B – The microstructural zones found in demonstrated on a weld [Lockwood et al. 2002]
[bookmark: _Toc404107883]2.2.2 – The macro-structural and microstructural properties of the nugget
[bookmark: _Toc404107884]The nugget shape
	The shape of the nugget tends to depend on several factors including, tool geometry, the various processing parameters, the thermal cycles the workpiece experiences, and its thermal conductivity [Mishra and Ma, 2005]. The vast majority that have been observed are either elliptically shaped or basin-shaped where it is widened towards the surface of the weld. Research by Zettler et al looked at varying shoulder and pin types for the FSWelding of AA2024-T351 [Zettler et al. 2005]. They compared three pins A – a conical non-threaded pin, B – a conical threaded pin, and C- a conical threaded pin with 3 milled flats, and looked at their macro-structural features and mechanical properties (see fig. 2.2.2.A). Their first set of welds with Pin A all had defects, however it was successfully demonstrated with pins B and C, that with increasing traverse speeds that the nugget shape changes from a basin shape (at 100 mm/min) to an elliptical shape (at 400mm/min).
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Figure 2.2.2.A – The nugget shapes resulting from varied weld parameters and tool pin designs [Zettler et al. 2005]
[bookmark: _Toc404107885]2.2.2.1 - Grain structure – fine and ultra-fine grains
	The nugget contains equiaxed grains due to dynamic recrystallisation during FSW. The size of these grains, and the parameters required to achieve them has been a major area of research within FSW [Yazdipour et al. 2009, Benavides et al 1999, Cavaliere et al. 2006, Rhodes et al. 2003, Kwon et al. 2003, Kwon et al. 2002, Buffa et al. 2006]. The given size of grains in the nugget fall into two categories, fine grains of 1µm or bigger, and ultra-fine grains which are less than 1µm in size. Fine grains can be achieved by using good control of process parameters in conventional FSW, however, in order to get ultra-fine grains or even nano-structured grains cooling mediums are frequently required [Yazdipour et al. 2009]. Ultimately, the lower the thermal heat input, the smaller the grain size is after dynamic recrystallisation, so methods that control weld temperature will produce finer grains.
[bookmark: _Toc404107886]Effect of cooling mediums on grain size
	Research performed by Yazdipor et al looked at placing a cooling media consisting of methanol and dry ice immediately behind the FSW tool while welding AA5083 [Yazdipour et al. 2009]. A wide range of process variables were also tested such as a rotation rate ranging from 560 to 900RPM, and traverse speeds ranging between 16 and 57 mm/min. Under welding conditions 560RPM and traverse speeds of 25mm/min nanograins ranging from 100 to 500 nm were obtained. Similar work was performed by Benavides et al but instead of dry ice liquid nitrogen was used to cool AA2024 after FSW [Benavides et al 1999]. The peak temperature 10mm away from the weld line was reduced from 330°C to 140°C by decreasing the plate starting temperature from 30°C to -30°C. The result was a reduction in average grain size from 10µm to 0.8µm.
[bookmark: _Toc404107887]Effect of process parameters of grain size
Research done by Cavaliere et al on AA6056 looked at 3 varying traverse speeds of 40, 56, and 80 mm/min and 3 varying rotation rates of 500, 800, and 1000 RPM, to create a total of 9 welds with varied conditions [Cavaliere et al. 2006]. Figure 2.2.2.B shows the effect of process variables on average grain size. It was demonstrated at traverse speeds of 56mm/min that with increasing rotation rate the average grain size increased from 5.2µm to 5.4µm. Equally smaller grain sizes of 4.5µm were obtained at the highest traverse speeds, indicating that the higher the heat input during FSW the larger the grain size.
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Figure 2.2.2.B – The effect of traverse speed and rotation rate on average grain size [Cavaliere et al. 2006]
When research was done by Rhodes et al on AA7050 by FSWelding a series of holes about 0.9mm in depth and then rapidly quenching the area with a mixture of isopropyl and dry ice [Rhodes et al. 2003]. Differing rotation rates ranging from 200-500RPM were used, and it was found that with increasing tool rotation rates the average grain size increased from 24-40nm at 300RPM to 100-300nm at 500RPM. Kwon et al also researched varying rotation rates of 560, 980, and 1840 RPM at a constant traverse speed of 155 mm/min for AA1050 [Kwon et al. 2003][Kwon et al. 2002]. Grain sizes of 0.5µm, 1-2µm, and 3-4µm where correspondingly attained for each increasing rotation rate. It was ascertained that as the rotation rate increased so did the grain size thus, thus giving a clear link between thermal heat input and consequential grain size. The authors concluded that by either reducing rotation rate or increasing traverse speed recrystallised grain size can be reduced.
The effect of tool geometry on grain size has also been researched, such as work by Buffa et al which looked at a smooth pin that varied in its conical shape and consequential pin surface area [Buffa et al. 2006]. Four different pin surface areas were analysed by varying the conical angle by 10° at each interval to give pin surface areas of 26.3, 31.4, 32.8, 35.8, and 43.2 mm2. The increase in pin surface area caused and overall increase in temperature during welding, and consequential increase in grain size. When using the largest pin surface area (43.2 mm2) it was noted that there was a significant refinement in grain size when increasing the traverse speed from 50 to 100 mm/min. Kwon et al also varied tool design, and used a sharpened tip on a cone shaped probe in order to reduce the frictional heat generated during welding of AA1050 [Kwon et al.2002][Kwon et al. 2003]. At a traverse speed of 155mm/min and a rotation rate of 560RPM, the peak temperature of the FS zone was decreased to 190°C giving an average grain size of 0.5µm. 
[bookmark: _Toc404107888]2.2.2.2 – The banded structure or ‘onion rings’
	A typical observation while looking at a cross section of a FSWeld in the z-axis is the presence of a circular banded structure or so called “onion rings.” (see fig 2.2.2.2.A) This phenomena can sometimes be difficult to conceptualise as these swirl patterns are on a plane that is 90° relative to the plane where tool rotation takes place. Various explanations for existence of onion rings have been researched by the following authors. 
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Figure 2.2.2.2.A – A cross sectional example of a FSWeld showing onion rings [Shan Torng et al. 2009]
	Threadgill postulated that the creation of onion rings was related to the revolutions of the FSW tool in conjunction with its forward motion [Threadgill 1999]. Biallas et al did research on 2024-T3 and concluded that due to the induced circular motion generated by the material flow from the cooler walls of the HAZ, circles form with decreasing radii giving the appearance of a tube system [Biallas et al. 1999]. Krishnan did an analysis of AA6061 and AA7075 and reported the onion ring effect was due to geometrical effect caused by semi-cylinders with a ring spacing being wider at the centre and narrower towards the edge [Krishnan 2001]. As a result, when the FSWeld was sectioned onion rings would appear (see fig 2.2.2.2.B). It was concluded that the spacing of the semi-cylinders and consequential onion rings is proportional to the forward movement of the tool in one rotation. Similarly Cui et al looked at AA5083 and found that a geometric effect was the cause for the onion rings, and that tool advance per rotation decided the spacing of the adjacent rings [Cui et al. 2008]. Lastly, Chen and Cui observed that the threaded probe of the tool and its interaction with the material significantly influenced the shear layer flow in the nugget, therefore causing onion rings [Chen and Cui, 2008]. 
	Lienert and Grylls studied AA6061-T651, and indicated that the banding (onion rings) observed was caused by bands of second phase particles [Lienert and Grylls, 2000]. Research by Sutton et al on AA2024-T351 showed that microstructure of segregated bands (onion rings) consisted of alternating regions that were hard particle rich and hard particle poor [Sutton et al. 2002]. Yang et al found similar results when researching 2024-T351 and AA2524-T351; however, they found that particle segregation wasn’t as pronounced in AA2424-T351 [Yang et al. 2004]. Due to a 10-25% variance in grain size for different bands, it was concluded that banding happens more to due to grain size.
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Figure 2.2.2.2.B – Schematic of ring spacing due to semi-cylinders giving the appearance of onion rings [Krishnan, 2001].
[bookmark: _Toc404107889]2.2.3. – Mechanisms of recrystallisation
	While the area of recrystallisation during FSW in the nugget is a topic of continuing research, the theories behind new grain formation are largely speaking divided into three main categories; continuous dynamic recrystallisation (CDRX) [Jata and Semiatin, 2000; Su et al. 2003; Fratini and Buffa 2005], discontinuous dynamic recrystallisation (DDRX) [Rhodes et al. 2003; Su et al.2006; Sato et al. 2002], and geometric dynamic recrystallisation (GDRX) [Prangnell and Heason, 2005]. The particular dynamics of each mechanism are discussed below.
[bookmark: _Toc404107890]Continuous dynamic recrystallisation (CDRX)
	Sub-grain rotation resulting in high misorientation angles with little boundary migration are considered to the main driving mechanism behind CDRX [Mishra and Ma, 2005]. During FSW the original low angle grain boundaries are continuously rotated and consequently replaced by high-angle grain boundaries in the nugget [Jata and Semiatin, 2000]. The cause for subgrain rotation and subsequent high misorientation is linked to several mechanisms; lattice rotation related to slip, lattice rotation related to boundary sliding, or sub-grain growth. In Jata and Semiatin’s work with a FSW Al-Li-Cu alloy they ruled out sub-grain growth and boundary sliding, and so concluded that lattice rotation related to slip is the cause for sub-grain rotation. Similarly Su et al investigated FSW AA7050-T651 and suggested that dynamic recovery was the cause of CDRX after detailed observations of the micro-structure [Su et al. 2003]. The conclusion drawn was that dominant driver for the CDRX mechanism is the continual absorption of dislocations into sub-grain boundaries, which results in higher misorientation between adjacent sub-grains.
[bookmark: _Toc404107891]Discontinuous dynamic recrystallisation (DDRX)
	Aluminium alloys tend to have a high rate of recovery because of its high stacking fault energy (SFE) and therefore do not tend to undergo DDRX [Mishra and Ma, 2005]. However, with alloys that have large secondary phases (>0.6µm) DDRX can be observed due to particle simulated nucleation [McQueen 2002]. Therefore, DDRX can be defined the nucleation of new grains at old high-angle grain boundaries and consequential gross grain boundary migration [Humphreys and Hatherley 2003]. 
	During FSW dynamically recrystallised grains nucleate, they do this with a sheer texture component that is generated by plastic flow [Sato et al. 2002]. This is due to the high strains created by the FSW process which results in high temperatures. During the cooling phase after the use of the FSW tool, static grain growth of the nuclei of dynamically recrystallised grains starts to happen. It is therefore proposed that the DDRX mechanism is the cause for ultra-fine grain evolution in the nugget of FSWelds. 
[bookmark: _Toc404107892]Geometric dynamic recrystallisation (GDRX)
	Geometric dynamic recrystallisation (GDRX) is caused by a large reduction in a material’s cross sectional volume [Prangnell and Heason, 2005]. Similar processes include hot compression or hot rolling, where initially the original grains start to be flattened and serrated. The fraction of high angle grain boundaries starts to increase with strain, while the sub-grain boundaries remain relatively unaffected, because their sub-grain size at high temperatures are unaltered by strain [Humphreys and Hatherley, 2003]. The size of high angle grain boundary serrations converges upon the approximate sub-grain thickness, until finally the grain structure is roughly the same size of the sub-grains.
	Research by Prangnell and Heason looked at using the ‘stop action technique’ to investigate GDRX in AA2195 [Prangnell and Heason, 2005]. The geometric effect of strain and grain sub-division were considered to be the cause for grain refinement as they trigger reduction in overall high angle grain boundary (HAGB) spacing. It was noted that the proximate increase of temperature relative to the tool corresponds to an increase in thermally activated local boundary migration. High strain hot torsion experiments showed a great deal of similarity to the higher temperature stage aspects of the results when it came to GDRX. The data showed no evidence of CDRX as there was no sub-grain rotation observed. Lastly, the ultra-fine grains in the nugget post welding had a structure that was more equiaxed and slightly coarsened; this was because the thermal wake of the tool caused static annealing.
[bookmark: _Toc404107893]2.2.4 – The coarsening and dissolution of precipitates
	Aluminium wrought alloys can be broadly categorised into 2 distinct types, the heat treated and non-heat treated alloys. While wrought alloys such as 5xxx series are simply annealed and have no additional precipitate strengthening mechanisms, heat treated alloys such as 2xxx, 6xxx, 7xxx have been hardened using age hardening. While generally the wrought alloys see an increase in strength post FSW, the precipitate hardened alloys tend to see a drop in strength, largely because during FSW the temperature can reach 500°C and so the precipitates tend to be dissolved or coarsen depending on the temperature range. The nature of precipitation hardening tends to vary depending on which micro-structural weld zone that is analysed, and on the said processing parameters and other variables during FSW.
	Precipitation hardening mechanisms work on the basis that small second phase precipitates impede the movement of dislocations or defects the crystal lattice. This is the main strengthening mechanism in heat treatable aluminium alloys, and the control of the FSW process has a strong effect on its microstructure and the mechanical properties of the zones. In particular the level of heat input and mechanical deformation will affect the nature of precipitates, as high temperatures will cause them to dissolve into α-phase. The rate of cooling and even post weld heat treatments can affect their shape, whether or not they re-precipitate and what size they are [Yazidipour et al. 2009].
[bookmark: _Toc404107894]The effect of FSW on precipitates in the HAZ
	The HAZ typically experiences temperatures in excess of 250°C, and as it experiences no mechanical deformation, the grain size remains intact also. The higher temperatures effect the hardening precipitates and cause them to coarsen. Work by Shukla and Baeslack looked at such coarsening in 2024-T3 by using TEM, and found that the rod-shaped precipitates in the S-phase had been changed into a lath shape by the heat input during FSW [Shukla and Baeslack, 2009]. Heat treated aluminium alloys that are at the maximum hardened condition will usually see the lowest hardness and strength in the HAZ, and will usually be the site of failure in tensile test [Safarkhanian et al. 2009]. Su et al researched AA7050-T651 noticed that the strengthening precipitates - η` Mg(Zn, Cu, Al)2 had increased in the HAZ, and so the precipitate free zones (PFZ) had increased 5 times their original amount [Su et al. 2003]. 
[bookmark: _Toc404107895]The effect of FSW on precipitates in TMAZ
	The TMAZ is the transition point between the nugget and HAZ, and given that it experiences a higher thermal cycles than the HAZ, but also some mechanical deformation, the precipitation morphology is quite similar to that of the nugget. Work by Chen et al looked at the precipitation microstructure of AA2219-T6 welded at 800RPM and at a traverse speed of 200mm/min [Chen et al. 2009]. The research indicated that a high number of metastable precipitates solutionise in the α-phase during FSW, but the number of precipitates that re-precipitate in the TMAZ is less than the nugget. Thus the temperature difference between the nugget and the TMAZ results in a variation in the dissolution of precipitates.
[bookmark: _Toc404107896]The effect of FSW on precipitates in the nugget
	The process parameters of the FSWeld and the type material welded will heavily influence the nature of the precipitates found. For example, work by Sato et al investigated AA6063-T5, where no precipitates were found at all in the nugget, this suggests that the existing parent material precipitates were fully dissolved into the α-phase aluminium matrix [Sato et al. 1999]. Similar results were obtained by Jata et al with AA7075-T7451, and by Heinz and Skrotzi with AA6013-T4, using traverse speeds of 400-500 mm/min, and rotation rates of 1400 RPM [Jata et al. 2000; Heinz and skrotzki, 2002]. However, work by Sato et al on AA7050-T651 at traverse speeds of 15 mm/min and rotation rates of 350 RPM saw the strengthening precipitates dissolve and re-precipitated heterogeneously both on dislocations and within the main phase [Sato et al. 2003]. Additionally, sometimes not all of the precipitates in the nugget do not fully dissolve, work by Dumont et al with AA7449-T3 showed that some of the second phase precipitates were still intact, but that also new precipitates were formed [Dumont et al. 2006].
	It is clear then that all types of precipitation mechanisms can occur during FSW; this includes precipitate evolution, growth, dissolution, nucleation, and coarsening [Dumont et al. 2006]. The control of these different precipitation mechanisms can be established by process parameters. Work by Dumont et al showed that by reducing welding speed, which in turn causes larger heat input per mm of weld, caused greater coarsening of precipitates and larger micro-structurally affected zones, regardless of the initial temper state (T3 or T79) of the material [Dumont et al. 2006]. Additionally, the use of heat treatments post welding, such as research performed by Jata et al on AA7050-T7451, can produce fine precipitates in the nugget [Jata et al. 2000]. The particular conditions used for the heat treatment where 120°C for 24 hours, and while finer precipitates were formed in the nugget, the coarsened precipitates and the PFZs in the HAZ remained unchanged.
	There is a particular age hardening phenomena known as Guinier Preston (GP) zones or relating the CuMg precipitates Guinier Preston Bagaryatsky (GPB) zones that are highly relevant to the heat treated aluminium alloys. GP zones tend to have a thickness of one or two atom planes and are ordered, solute rich clusters of atoms [Polmear, 2006]. While creating elastic strains in the surrounding matrix, they still maintain the matrix structure and so are considered to coherent with it. This is important to the strengthening 2xxx series alloys, and in particular the work done Genevois et al on AA2024-T351 and AA2024-T6 [Genevois et al. 2005]. The main precipitation phenomena that was observed in these alloys was the GPB zone which was dissolved and then re-precipitated the stable S precipitate (Al2CuMg) and the meta-stable S’. The size of these precipitates can determine the hardness and mechanical characteristics of the material, where small precipitates increase strength and larger ones reduce its mechanical properties. 
	Genevois et al noted that in the HAZ of FSW 2024-T351 the initial precipitates of the GPB zones had dissolved and were replaced by S due to the increase in temperature’. For the TMAZ the GPB fraction was at its lowest, whereas the S’ fraction was at its highest. Due to the high temperatures experienced by the nugget a smaller fraction of S’ was observed and there was a higher level of accessible solute. It was suggested by the authors that GPB zone nucleation took place after welding resulting in an increase in strength [Genevois et al. 2005].
[bookmark: _Toc404107897]2.2.5 - The mechanical properties of FSW
	The mechanical and structural properties of a FSWeld are paramount to industry, and is a very well researched field [Scialpi et al. 2006, Sato et al. 2011, Sato et al. 1999, Miles et al. 2004, Uematsu et al. 2009]. The two main particular areas of focus have been material strength/hardness and tensile properties.
[bookmark: _Toc404107898]2.2.5.1 – The Hardness of FSW
	For the heat treated alloys such as 7xxx, 6xxx, and 2xxx series, precipitate hardening is the main strengthening mechanism and the resulting strength can be measured by hardness testing. FSW tends to see the softening of such materials because its high thermal input dissolves and coarsens precipitates [Scialpi et al. 2006, Sato et al. 2011, Sato et al. 1999, Miles et al. 2004, Uematsu et al. 2009]. Hardness tests can be used to not only ascertain an approximate strength of a material, but also see how strength varies from one of part of a FSW to another.
	Research by Scialpi et al looked at AA6082 which had been welded at a traverse speed of 460 mm/min and rotation rate of 1810 RPM [Scialpi et al. 2006]. Parent material varied in hardness of 100-105HV, whereas the weld area varied in hardness from 60-75HV. Sato et al looked AA2024-T4 welded at traverse speeds ranging between 87-267 mm/min, and rotation rates ranging between 600-800 RPM [Sato et al. 2011]. The parent material showed hardness of 130-140HV but the weld regions showed hardness ranging between 100-120HV. Their research also indicated that after natural aging of 346ks and after artificial aging of 463K for 28.8 ks, that hardness increased by up to 25 HV depending on the weld region.
	Sato et al researched the relationship between hardness and precipitation distribution in AA6063-T5, while also considering the impact of grain size during FSW [Sato et al. 1999]. The results showed that hardness was predominantly affected by precipitation hardening rather than grain size post FSW. Figure 2.2.5.1.A shows a hardness profile (A) and grain sizes (B) at the top, centre, and bottom across a FSWeld. Note that while grain size decreases (where there would be an expected hardness increase) hardness also decreases, indicating that the effect of grain size has little to do with hardness in FSW regions.
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Figure 2.2.5.1.A – A comparison of hardness across a FSWeld (A), and grain size (B) [Sato et al. 1999]
	When looking at the hardness profile of a FSW (see fig 2.2.5.1.B) a clear dip in hardness can be seen across the weld region, but some recovery can be seen near the centre of the weld. This corresponds with various weld zones that are seen in precipitate hardened materials, where the parent material shows high hardness (20mm from weld centre), then hardness drops to its lowest point in the HAZ (10mm from weld centre), and then some recovery is seen in the nugget (0mm from weld centre). 
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Fig 2.2.5.1.B – A macrograph of the weld (a) and its corresponding hardness profile (b) [Sato et al. 1999]
	Sato et al then researched the precipitates in 4 mentioned regions in figure 2.2.5.1.B which are SOF (softened region), MIN (minimum hardness region), LOW (lower hardness than parent material) and BM (approximate hardness to base material). The use of TEM revealed two main kinds of precipitates in the BM, MIN, and LOW regions which were needle and rod shaped (see figure 2.2.5.1.C). The needle shaped precipitates were completely or partly coherent with the matrix and were approximately 40nm in length, where as the rod-shaped precipitates did not have good coherency with the matrix, and had a much longer length of about 200nm. 
	For the BM region the precipitates had a similar size, type, and distribution to that of the parent material, furthermore the BM had a similar hardness to the base material, and so can be considered the same. The LOW area saw a rise in in the density of rod-shaped precipitates but a significant drop in the density of needle-shaped precipitates; this was reflected by a recorded loss of hardness. The MIN section showed no needle-shaped particles, only a reduced density of rod-shaped ones. Not only was the hardening effect of the needle-shaped particles eliminated, but the rod-shaped particles dampened the effect of solid solution hardening from solutes, hence the lowest level of hardness in the MIN section. Finally, the SOF region saw a complete dissolution of all precipitates, the slight recovery of hardness is explained by the small increase of strength from refined grains and a higher density of sub-grain boundaries in the nugget [Sato et al 1999].
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Figure 2.2.5.1.C – TEM images of precipitates across the various microstructural zones in FSW AA6063-T5 [Sato et al. 1999]
	The general observation for the wrought alloys such as 5xxx-O which are solution hardened and annealed, is that there is uniform level of hardness without any softened regions [Miles et al. 2004][Uematsu et al. 2009]. Work done by miles et al looked FSW AA5182-O at rotation rates of 1220-1500 RPM and traverse speeds of 130-600 mm/min [Miles et al. 2004]. An increase in hardness was observed in the nugget region (see fig 2.2.5.1.D), it was considered to be caused by a decrease in grain size ranging from 10-20µm, and residual work hardening caused by the stirring process. Work by Sato et al on AA5083-O showed that particle distribution across the FSW zones was primarily responsible for strengthening [Sato et al. 2001]. The research showed that recrystallised grains in the nugget averaged at 4µm, and that the TMAZ had a density of dislocations with a largely recovered grain structure. In all zones there were an even distribution of Al6(Mn, Fe) particles, and main source of strength was considered to be the Orowan strengthening mechanism. 
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Figure 2.2.5.1.D – The hardness profile of 5182-O when FSW and also gas tungsten arc welded [Miles et al. 2004]
	When Sato et al analysed AA1080, which has no additional strengthening elements, the highest level of hardness was located in the TMAZ. As no particles were found across the weld, the researchers looked at the Hall-Petch relationship to give an explanation. While the nugget consisted of recrystallised grains with a small dislocation density, the TMAZ had a sub-grain structure within the recovered grains, hence the given hardness that was found [Sato et al. 2001].
	While the annealed alloys such as AA5083-O have uniform hardness profiles, the strain hardened alloys have similar hardness profiles to that of the heat-treated alloys after FSW. Work by Gan et al investigated the strain hardened alloy 5083-H18 at rotation rates of 1000-1500 RPM and traverse speeds of 100-450mm/min [Gan et al. 2008]. The parent material had a hardness of between 125-130HV but after FSW the hardness dropped which at its lowest point was approximately 85HV, a drop in hardness by nearly 35% (see fig 2.2.5.1.E). As then main strengthening mechanism in the alloy is a result from cool working, thus the high thermal input during the FSW would have caused recovery, and a consequent loss of hardness.
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Figure 2.2.5.1.E – The hardness profile of AA5183-H18 when FSW and post heat treatment [Gan et al. 2008]
	Ultimately the base materials initial heat treated condition will generally decide its hardness profile post FSW. For the thermally treated alloys (T), the solution treated alloys (W), and the strain hardened alloys (H), and general loss in hardness can be observed in the weld region. However for the annealed alloys (O) a uniform hardness profile is observed, with a slight increase in hardness in the nugget region. Work by Aydin et al compared several different heat treated states in AA2024 after FSW [Aydin et al. 2008]. The hardness profiles can be seen in figure 2.2.5.1.F, and the results confirm that all other heat treated states see a loss of hardness across the weld zone, except for the annealed condtion (O) which sees and increase in hardness.
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Figure 2.2.5.1.F – The hardness profile of AA2024 after FSW for the different tempers of W, T4, T6, and O [Aydin et al. 2008]
[bookmark: _Toc404107899]2.2.5.2 – Tensile properties
	In butt welds tensile tests can be performed horizontally and vertically, where the nugget is either tested in the traverse direction or the longitudinal direction. For the SSCFSW however, testing must be performed under different conditions, as corner welds are in the form of joints. Two directions are then tested, the base column and the vertical column, in each case the nugget is at 45° or 225° angle to the test plane, depending on whether or not it is the first of second weld. In this section both butt and SSC FSW will be considered.
	Uematsu et al studied for different aluminium alloys after FSW; AA1050-O, AA5083-O, AA6061-T6, and 7075-T6, at rotation rates between 500-2400 RPM and traverse speeds of 100-350 mm/min [Uematsu et al. 2008]. The general material tensile properties varied considerably depending if whether or not they were precipitate hardened (thermally treated) or wrought (annealed). Both the AA1050-O and the AA5083-O samples failed in the parent material; however the heat treated AA6061-T6 and AA7075-T6 both failed at the border of the TMAZ with the HAZ on the advancing side. For each sample the tensile strength after FSW was 70MPa (AA1050), 319MPa (AA5083), 205MPa (AA 6061), and 491 (AA7075). Once again the difference between the wrought and heat treated alloys becomes apparent, as the wrought alloys (1050 and 5083) see after FSW an increase in tensile strength of 1% and 6% respectively, where as the heat treated alloys (7075 and 6061) see a drop in tensile strength of 11% and 33% respectively after FSW. 
	Genevois et al did similar work with AA2024-T351, AA2024-T6 and AA5251-O [Genevois et al. 2006]. The welding conditions were 120mm/min and 850 RPM for the AA2024 heat treated alloys and 150 mm/min and 800 RPM for AA5251-O. Due to varying distribution of precipitates throughout the different weld zones the tensile properties for the heat treated alloys were heterogeneous; as a result the weakest region was the TMAZ. As for AA5251-O, unlike the heat treated alloys, it should homogeneous tensile properties (see figure 2.2.5.2.B). As a result the slightly higher hardness in the welded region promotes plastic deformation in base material, hence the reason why during tensile testing in the transverse region the base fractures. 
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	Figure 2.2.5.2.A - (a–c) Images of yield stress (YS), ultimate tensile stress (UTS) and elongation due to tensile testing. (d) - Stress–strain curves for tensile tests carried out in the transverse direction comparing the three different materials. [Genevois et al. 2006] 


	The tensile properties of the different FSW microstructural zones were investigated by Mahoney et al for AA7075-T651 [Mahoney et al. 1998]. The base material had a yield strength of 571 MPa, an ultimate tensile strength (UTS) of 622 MPa, and an elongation of 14.5%. Both the nugget and HAZ showed reduction in both yield strength and UTS; however the HAZ showed a greater drop in yield strength which was 45% less than the parent material compared to a 15% drop in yield strength for the nugget. Similar to other heat-treated alloys, the place of fracture was in the HAZ.
	Another consideration is the effect of welding parameters on tensile properties of a FSW, such as work by Cavaliere et al on AA6082-T6 [Cavaliere et al. 2008]. While the rotation rate was kept consistent for all welds at 1600 RPM, the traverse speeds varied from 40, 56, 80, 115, 165, 325, and 460 mm/min. For speeds 40-115 mm/min the yield strength significantly increased with increasing speeds, but at higher speeds began to decline. Equally, at 115 mm/min the material demonstrated the best fatigue properties and had a higher fatigue limit. Additionally, work by Ren et al looked at AA6061-T651, which was FSW at rotation rates between 400-1600 RPM and at two traverse speeds of 100-400 mm/min [Ren et al. 2007]. It was determined that increasing the rotation rate generally decreased tensile properties, but that traverse speeds was the controlling factor that would determine tensile properties.
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Figure 2.2.5.2.B – Examples of pull tests (A) and ‘pull off’ tests (B) for corner FSW
	Work by Martin et al investigated AA2082-T6, AA5083-O, AA7075-T6 and AA6082-T6 which had been SSCFSWelded [Martin et al. 2011]. Two methods were employed to test tensile properties on the t-joint, a pull test which was on the base column, and a ‘pull off’ test on vertical column (see figure 2.2.5.2.B). For the AA5083-O a tensile strength of 300 and 310 MPa was obtained for the pull and pull off tests respectively, and failure took place in the parent material. However, the AA6082, AA7075 and AA2014 all failed in HAZ of the welded region. The AA6082 sample had a tensile strength of 231 MPa for the pull test, and 217 MPa for the ‘pull off’ test. The final weld had a base column made of AA2014 but a vertical column made of AA7075. The pull test which would mainly affect the base column had a tensile strength of 408 MPa, and the vertical column had tensile strength of 446 MPa. 


[bookmark: _Toc404107900]2.2.6 – Copper tracers and material flow during FSW
	The first use of copper tracers to ascertain material flow in FS welds was performed in 2002 by McClure et al. and Guerra et al. [McClure et al. 2002][Guerra et al. 2003]. Their work focused on AA6061 and AA2195 by using a surface copper tracer of 0.1mm thickness at the processing parameters of 180 mm/min and 1000 RPM. There are multiple options for tracers such as tungsten [Nunes and Schneider, 2003], but copper is more frequently used for determining material flow [Xu et al. 2011]. The copper was chosen for its distinct atomic and visual difference from aluminium, and when etched with Keller’s reagent – depending on its level of dispersion – it changes black in colour. The results obtained by Guerra et al. also showed this with copper free and copper rich bands throughout the DRX of the weld. The copper tracer was confined to the dark banded regions shown in figure 2.2.6.A
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Figure 2.2.6.A – An image of FS butt welded AA6061 and AA2195 etched with Keller’s reagent, distinctive bands that are dark and light exist, with copper exclusively found in the dark bands
	The tool pin used by Guerra et al. was 6.3mm in diameter and 5.8mm in length, with right handed threads creating a helical set of grooves in the tool pin [Guerra et al. 2003]. The researchers concluded that material flow behaviour on the advancing front side sloughs off behind the tool pin in arc shaped features, but material flow from the retreating side is entrained and fills the tool pin wake. They also argued that the threaded features of the tool pin cause a large vortex-type motion within the rotational zone and that material entering this region would follow an unwound helical trajectory. 
	Research by Rubisof et al looked at using copper tracers at the interface between plates and analysed the distribution of copper and tungsten at varying traverse speeds [Rubisof et al. 2009]. The research indicated that metal flow around the tool can be considered as series of stream lines, and that tracer material is swept away in the rotational flow around the tool pin.


[bookmark: _Toc404107901]Part 3 – The crystallographic texture of FSW
	The use of EBSD to ascertain grain orientation and consequential texture is a relatively new technique, brought to life by the advent of the computer age [Humphreys and Brough, 1999]. Relative to microstructural analysis, EBSD has seen less use for the analysis of FS welds, and a consistent texture pattern for all aluminium alloys is still emerging [Sato et al. 2001][Kang et al. 2005][Jin et al. 2001][Ahmed, 2009]. Various researchers have determined that torsion texture components are prevalent within FSW and that coordinate systems that consider the shear plane and shear direction are important [Ahmed, 2009][Prangnell and Heason, 2005][Fonda et al. 2004].
[bookmark: _Toc404107902]2.3.1 – The Electron back scattering diffraction (EBSD) system
[bookmark: _Toc404107903]2.3.1.1 – The background and development of EBSD
	The development of electron back-scattering detection (EBSD) has in fact quite a long history, from the discovery of the diffraction of electrons in bands [Nishikawa and Kikuchi, 1928] to the use field emission gun (FEG) scanning electron microscopes (SEM) [Humphreys and Brough, 1999]. In recent years due to the development of FEGSEM and other technologies, EBSD can be used instead of TEM for microstructural/crystallographic research, and is now the predominant method employed [Humphreys, 2004]. EBSD is employed by using a SEM to detect diffraction patterns from bulk samples, these diffraction patterns or kikuchi bands reveal a great deal about the texture of the given material.
[bookmark: _Toc404107904]2.3.1.2 – EBSD system constituents
	The most basic requirement for an EBSD system is an SEM and acquisition hardware and software [Humphreys 2001], where FEGSEM provides the highest spatial resolution. The EBSD hardware needed for acquisition consists of a sensitive charged coupled device (CCD) camera and a means of processing the image’s pattern averaging and background subtraction (see figure 2.3.1.1.A). The EBSD software has a series of different jobs including controlling the data acquisition, solving the diffraction patterns, and data storage. Post analysis of the data requires further software, such as CHANNEL 5, which can further manipulate, analyse and show the data. 
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Figure 2.3.1.2.A – A basic schematic of EBSD system components [Humphreys 2001]
	This type of technique can be applied to most SEM devices provided there is the facility to accommodate an insertable camera, and that the sample can be rotated up to 70° from the horizontal position. Ideally the tilted sample will be normal to the electron beam, this will allow for best examination of microstructure involving backscattered electrons. The CCD camera has a sensitive phosphor screen which is essential to capture the electron backscatter pattern and then transmit the data to be processed.
	Typically the ESBD pattern isn’t particularly clear because of a low signal to noise ratio, therefore special diffraction processing is required to enhance the patterns [Randle, 2003]. There are two ways to process an image, background subtraction and averaging. In order to average EBSD patterns, a series of TV rate frames, usually 2 - 128, are integrated. The larger the number of frames that are averaged, the better the pattern; however it also increases processing time. Subtraction on the other hand works on the basis of collecting a diffraction pattern from the entire screen and not from single points. By storing the overall background, it can then be subtracted from raw EBSD data attained from a single point. Typically by using these processing steps the diffraction pattern can be far more easily identified and consequently give good contrast to the Kikuchi bands. Furthermore, good uniform average intensity is achieved, which is crucial for automated pattern indexing. 
[bookmark: _Toc404107905]2.3.1.3 – EBSD measurement parameters
	The key parameters that are essential for EBSD data collection are the diffraction pattern quality, information collection efficiency, the accuracy of angular measurements, and spatial resolution [Randle, 2004]. The clarity and sharpness of the kikuchi bands or diffraction pattern (see figure 2.3.1.2.A for typical bands) are affected by lattice defects and the surface condition of the sample. While the presence of crystal defects like dislocations are inherent properties of the material analysed, the surface condition is not, and it must be well prepared. The top few nanometres of the sample surface will determine the quality of the EBSD analysis, with good preparation and usually electro-polishing  for aluminium, good results can be achieved. Surface contamination or poor preparation will lead to poor quality patterns and consequently the accuracy and speed of the pattern resolution routine is reduced, so good preparation is crucial.
[image: ]
Figure 2.3.1.3.A – Typical Kikuchi bands observed for BCC iron with a cross indicating the patterns centre [Randle, 2004]
	In terms of spatial resolution several factors affect its accuracy, but the main consideration is the volume of the sample that is being analysed by the given electron probe. In turn those two factors are influenced by given material used, the probe current, accelerating voltage, and the extent of the capabilities of the SEM. For the purposes of EBSD a high sample tilt is required typically at 70° in order to reduce the distance the back scattered electrons have to travel and improving pattern detection, however this leads to distorted elliptical sample surface shape with an aspect ratio of 3:1. This means that area that is being analysed by the probe is 3 times smaller at the 70° tilt than it would be if it was perpendicular to the camera, but can be resolved by employing tilt correction, which is now available on most SEM analysis with integrated EBSD software.
	When EBSD is fully functional it can perform automatic diffraction analysis at a rapid rate producing high quality crystallographic data. Imaging can have as fine a spatial resolution of 0.5µm and less, but also large specimens can be analysed and even rough surfaces. The SEM must be prepared in order to perform EBSD, so this involves turning off the SEM’s scan coils to get a stationary beam, followed by the insertion of the CCD. After this the EBSD session can run, where the Kikuchi patterns are recorded by an appropriately interfaced camera and then processed by a computer. Every diffraction pattern is indexed and therefore the orientation of the given crystal is established, but additionally with the help of appropriate software packages, mapping of a designated area can be achieved. By moving the electron beam of the SEM and analysing the Kikuchi bands for a sample in a number of steps within a set matrix, the various orientations of the different steps can correlated together and spatially related, giving an EBSD map.
[bookmark: _Toc404107906]2.3.2 – Determining texture with EBSD
[bookmark: _Toc404107907]2.3.2.1 – Understanding texture
	A good definition of texture is polycrystalline material that has a certain crystallographic orientation(s). This can be a result of the thermal and/or mechanical history that the material has been subject to while it was being produced. Typically polycrystalline materials exhibit a pattern when it comes to their grain orientation, this can be caused initially while crystallisation takes place such as from a melt or amorphous solid, but additional thermo-mechanical processes will also have an effect. The tendency to form crystallographic patterns is known as preferred orientation or texture, and the effect of texture governs very significant properties in materials [Kocks et al. 2000].
[bookmark: _Toc404107908]2.3.2.2 – Euler angles and orientation matrix
	In order to give a specific orientation it is essential to have a frame of reference, otherwise known as a coordinate system [Kocks, 1998], and so two systems are required, the first referring to the entire sample, and other referring to the crystal. In material science the sample coordinates are typically associated with processing geometry, so for FSW these would be the welding direction (WD), the normal plane (ND), and the transverse direction (TD) (see fig. 2.3.2.2.A). The crystal coordinate system is defined by crystal directions which are usually based on crystal symmetry, so for FCC aluminium the three axes are [100], [010], and [001]. These are part of the orthogonal branch of crystal symmetry, and have a cubic frame, which means each plane is perpendicular to the next and at 90° angle.
[image: ]
Figure 2.3.2.2.A – The relationship between the sample coordinates (XYZ) and the crystal system coordinates (100,010,001) for one crystal lattice unit cell [Engler and Randle, 2010]. 
	With both the sample and crystal coordinate systems defined, it is the possible to define an orientation, which is the position of the crystal coordinate system relative to the sample coordinate system [Engler and Randle, 2010]. It can be represented by this equation:
				(2.3.2.1)
	This is where Cs and Cc are the sample and crystal coordinate systems respectively, and g represents orientation. The expression of g is known as the rotation or orientation matrix, where rotation of sample coordinates onto crystal coordinates is expressed. A square matrix 9 numbers makes up the orientation matrix and is based on the cosines of the angles between a given crystal axis and each of the three sample axis. This means that for the top line in the matrix the cosines of the angles between the [100] crystal axis and all three specimen axis (X,Y,Z) is expressed (see equation 2.3.2). The same is done again for the second line but with the [010] crystal axis, and also for the bottom line but about the [001] crystal axis. Thus it is now possible express the crystal direction in terms of the sample direction to which it is parallel and vice versa. The fill expression of the orientation matrix is shown below:
[image: ]    (2.3.2.2)
	Euler angles are three rotations that must be done in the right order so that the sample coordinate system can be transformed onto the crystal coordinate system. What this means is that g – the orientation – can be specified. The most frequently used expression for Euler angles were formulated by Bunge [Bunge, 1982] and the rotations are designated below:
1. The first rotation – ф1 – is done about the ND, which transforms the TD into TD’, and WD into WD’
2. The second rotation – ф – is about the new orientation axis WD’ which transforms ND’ into ND’’
3. The third rotation – ф2 – is about ND’’
In this case ф1, ф, ф2 are the different Euler angles by the Bunge definition, and the operation sequence for all three rotations is in figure 2.3.2.2.B.
[image: ]
Figure 2.3.2.2.B – An explanation of the different Euler angles (ф1, ф, ф2) in the order of their rotations (1,2,3) between the sample and crystal axes [Randle and Engler, 2010].
The three rotations can also be expressed analytically in a matrix format:
[image: ]		(2.3.2.3.A)
[image: ]		(2.3.2.3.B)
[image: ]		(2.3.2.3.C)
The rotation matrix g can be linked to the three Euler angles in the form of an expression provided the matrixes are multiplied together in the right order, it is shown below:
			(2.3.2.4)
Thus the individual elements of the matrix of the Euler angles are:
[image: ]		(2.3.2.5)
Thus the final rotation matrix (G) expressing the orientation for a crystal based on Euler angles is produced:

			(2.3.2.6)
[bookmark: _Toc404107909]2.3.3 – Texture representation
[bookmark: _Toc404107910]2.3.3.1 – Pole figures (PFs)
	The definition of a pole figure is a stereographic projection of a given crystallographic direction or plane on a two dimensional plane. This projection reveals a lot about distribution of certain crystallographic direction or plane pole, such the 111, 110, 100 cubic crystal planes, but it also does this relative the sample axis such as WD, TD, ND. By using contour lines or colour range, the intensity of a certain pole relative to the random intensity can be displayed, involving units based on multiples of random density. A stereographic projection is shown in figure 2.3.3.1.A:
[image: strographic projection pole figure008whight]
Figure 2.3.3.1.A – The stereographic projection of a cubic crystal for the [100] poles. A) Shows the given reference direction for a projection sphere, B) shows a single grain and their pole projection, C) shows textured grains and their pole projection, D) shows the pole density distribution, and E) shows pole density contour lines [Hatherley and Hutchinsion, 1979]
[bookmark: _Toc404107911]2.3.3.2 – Inverse pole figures (IPFs)
	By taking a certain sample axis (i.e. ND) in a stereographic projection which has the coordinates of the crystal directions, and IPF can be created. Simply put, an IPF reveals the crystallographic direction(s) that are aligned with the sample axis. Due to the specification of only one sample axis, the process is highly relevant to deformation processes such as extrusion or wire drawing. IPFs typically take the form of a triangle with each crystal plane at the corners (i.e. [111], [001], [110]), and depending on the crystal symmetry of the material only parts of the stereo gram are used because all other triangles would be the same as a result of crystal symmetry. Figure 2.3.3.2.A shows multiple IPFs in the normal direction, and shows how increasing GPa causes strong texture alignment in the 110 crystal axis.
[image: http://www.sciencemag.org/content/338/6113/1448/F2.large.jpg]
Figure 2.3.3.2.A - Inverse pole figures of (A) 3-nm, (B) 20-nm, and (C) 500-nm nickel along the normal direction, results for C show a strong alignment in the [110] at highest GPa. Texture strength is expressed as MRD, where MRD = 1 denotes random distribution, and a higher MRD number represents stronger texture [Chen et al. 2012].
[bookmark: _Toc404107912]2.3.3.3 – Orientation distribution function (ODF) and Euler space
	By projecting a 3-D orientation distribution onto 2-D projection plane a loss of information occurs, and consequently the texture cannot be accurately described from a single pole figure without room for significant error. This precipitated the need for the Euler space, which works on the basis of using a three dimensional coordinate system with axes defined by Euler angles to express the complete orientation of a crystal (See figure 2.3.3.3.A). For cases of triclinic symmetry with no sample symmetry each Euler angle has range for a given Euler space which are ф1 ≥ °0, ф2 ≤ 360°, and 0° ≤ Φ ≤ 180° [Randle and Engler, 2000]. It is also worth noting that differing yet equivalent expressions of a given orientation occur due to specimen frame and/or crystal symmetries. These symmetries consequentially cause a reduction in the size of an Euler space. This is essential for representation for all possible crystallographic orientations and is the cause for increase in the symmetrically equivalent subspaces. A typical expression of a reduced Euler space is shown in figure 2.3.3.3.B for pure copper, with ODF sections for texture representation and a step of ф2=5°.
[image: ]
Figure 2.3.3.3.A – An example of a 3-D Euler space, which is defined by Euler angles ф1, Φ, ф2, and gives the coordinates of the grain orientation g [Randle and Engler, 2000].
[image: ]
Figure 2.3.3.3.B – The rolling texture of pure copper with ODF sections for texture representation at step size of ф2=5° [Engler and Randle, 2010]
	Every point in a Euler space signifies a specific crystal orientation, therefore by using the three Euler angles specified at any given point the crystal orientation can be calculated. This is done on the basis of the crystallographic plane (hkl) and crystallographic direction [uvw], by following equations 2.3.3.3.1-2.3.3.3.6 below; equally if a specific crystal orientation is already established then the three Euler angles can be derived on the basis of equations 2.3.3.3.7-2.3.3.3.9.
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[bookmark: _Toc404107913]2.3.4 – The texture of aluminium
[bookmark: _Toc404107914]2.3.4.1 - Rolling Texture
	For fcc metals the key parameter that determines the deformation texture is the metal stacking fault energy - SFE. This is highly relevant to aluminium because high stacking fault energy materials primarily deform by slip, and pure aluminium has a SFE of approximately 170 mJm-2. The deformation mechanism for low stacking fault energy (SFE <25 mJm-2) on the other hand is mainly twinning. A comparison of the rolling textures for high and low stacking fault energies is shown in figure 2.3.4.1.A. Pole figures to represent copper which has a high stacking fault energy and 70:30 brass and silver which has a low stacking fault energy.
[image: ]
Figure 2.3.4.1.A – Pole figures in the 111 crystal direction for cold rolled fcc metals with copper (A) on the left and 70:30 brass and silver (B) [Humphreys and Hatherley, 2003].
	The most ideal way to represent texture – as mentioned above- is by the use of ODF, which means the complete orientations of a crystal can be shown. In figure 2.3.4.1.B an ODF of 95% cold rolled aluminium is displayed. This reveals a great deal about the texture components, including a series of orientations in the form of a continual tube. The specific direction of the tube runs from {110}<112> (Brass component) at ф2=90°, Φ =45°, ф1=35°, through to {123}<634> (S component) at ф2=63°, Φ=37°, ф1=59° to {112}<111> (Copper component) at ф2=45°, Φ=35°, ф1=90°. The actual tube itself is shown in figure 2.3.4.1.C.

[image: ]
Figure 2.3.4.1.B – An ODF of 95% cold rolled aluminium, key orientations are indicated [Humphreys and Hatherley, 2003]
[image: ]
Figure 2.3.4.1.C – A 3D schematic of fcc rolling texture for a three dimensional Euler angle space [Humphreys and Hatherley, 2003]
[bookmark: _Toc404107915]2.3.4.2 – Simple shear texture (torsion texture)
	In order to obtain simple shear texture the simplest method is to use a torsion test [Kocks et al. 1998]. It is predominantly used to evaluate the flow behaviour a given material but also can be used to investigate industrial working processes like rolling, forging or extrusion by using simulations [Monthelliet et al. 1984]. Work by Montheillet et al. has investigated fcc metals like aluminium and how their texture evolves during simple shear testing [Montheillet et al. 1985]. Certain fibre textures were established such as the A-fibre which had an alignment of the {111} slip plane with the shear plane, or the B-fibre which had an alignment of the <110> slip direction with the shear direction. Additional fibre texture components such as A* and C were developed and can be seen in figure 2.3.4.2.A(b) in a <111> pole figure. Furthermore, the relationship between shear direction (θ), shear plane normal (Z), and zero strain direction (r) during torsion is also shown in figure 2.3.4.2.A(a) [Barnett and Montheillet, 2002]. 
[image: ]
Figure 2.3.4.2.A - (a), The three sample axes (θ,Z, r) for simple shear, and (b), a <111> pole figure demonstrating the ideal positions of the simple shear texture components [Barnett and Montheillet, 2002]
	The same alignments of fibre with their respective shear planes can also be described using ODF, as demonstrated in figure 2.3.4.2.B. The exact positions of the said components are displayed schematically for ODF sections ф2=0° and ф2=45° with triclinic sample symmetry. Table 2.3.4.2.A also gives ideal simple shear texture components, but also their respective Euler angles.







Table 2.3.4.2.A – Simple shear texture orientations and their partial fibres and ideal components
	Component
	{hkl}
	<uvw>
	ф1
	Φ
	ф

	

	

	

	0,120,240
	55
	45

	

	

	

	60,180,300
	55
	45

	

	

	

	180
	35
	45

	A
	

	[101]
	0
	35
	45

	

	

	

	35,215
	45
	0

	

	

	

	145,325
	45
	0

	

	

	

	90,270
	45
	0



[image: ODF 0 Shear texture]
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Figure 2.3.4.2.B – For the ODF sections of ф2=0° and ф2=45° the exact locations of the ideal simple shear texture components are given for triclinic sample symmetry


[bookmark: _Toc404107916]2.3.5 – Summary
	This chapter has looked at the basic methods behind FSW, and how these types of welds compare to other welds and the advantages of FSW. It has also looked in depth at microstructure, testing methods and crystallography that are related to FSW. Since the invention of FSW in 1991, over 20 years of research has taken place and substantial improvements have been made to the field. While FSW is increasingly being used in more and more innovative ways, the field of stationary shoulder corner FSW is a brand new field, and little is known about how it effects the micro-structure or other weld conditions, hence the investigation of this thesis.


Chapter 3 – Experimental Methods
[bookmark: _Toc404107917]3.1 - Introduction
	The methods employed during research are indicated below, and can be largely characterised by two parts, welding and analysis. The process parameters for welding and materials used are first discussed, and then the post weld preparation and analytical techniques used to produce results.
[bookmark: _Toc404107918]3.2 – Materials
	Four different materials were investigated as part of this research AA2014-T4, 2024-T4, AA7075-T6, AA5083-O, and AA6082-T6. These represent some of the most commonly used aluminium alloys for the 2xxx, 5xxx, 6xxx, and 7xxx series. Each one of these alloys has a standard chemical composition, certain precipitates and standard mechanical properties which are shown in tables 3.2.A and 3.2.B:
Table 3.2.A – The chemical composition of the different alloys used for SSCFSW [ASM MDS]
	Alloy
	Cu
	Mg
	Mn
	Si
	Fe
	Zn
	Cr
	other
	Al

	AA2014
	3.9-5
	0.2-0.8
	0.4-1.2
	0.5-1.2
	0.7
	0.25
	0.1
	0.15
	Bal.

	AA2024
	3.8-4.9
	1.2-1.8
	0.3-0.9
	0.5
	0.5
	0.25
	0.1
	0.15
	Bal.

	AA5083
	<0.1
	4-4.9
	0.4-1.0
	<0.4
	<0.4
	<0.25
	0.05-0.25
	<0.15
	Bal.

	AA6082
	<0.1
	0.7-1.2
	0.4-1.0
	0.7-1.3
	<0.5
	<0.2
	<0.25
	<0.06
	Bal.

	AA7075
	1.2-2.0
	2.1-2.9
	<0.3
	<0.4
	<0.5
	5.1-6.1
	0.18-0.28
	<0.25
	Bal.



Table 3.2.B – A series of standard mechanical properties of materials used for SSCFSW [ASM MDS]
	Alloy/properties
	Proof stress (MPa)
	Ultimate tensile stress, (MPa)
	Elongation, %
	Hardness Vickers, HV

	AA2014-T4
	290
	427
	20
	118

	AA2024-T4
	324
	427
	19
	118

	AA5083-O
	145
	300
	23
	75

	AA6082-T6
	310
	340
	11
	100

	AA7075-T6
	505
	570
	10
	160



[bookmark: _Toc404107919]3.3 - Aims of the FSW
	The welding strategy employed was designed to accommodate several areas of research, all FSW performed were stationary shoulder corner FSW unless stated otherwise:
1. While maintaining the same material thickness of 8mm, and a plunge depth of 8mm, several different samples were made using different materials as mentioned above. The same tool type was employed for each.
2. Choosing a set material of 6082-T6 and varying the processing parameters.
3. Two different types of weld filler material were used, one using filleted vertical columns and the other involving a separate wire as part of the AdstirTM process.
4. A series of copper tracers were used to observe the flow of the material during FSW and what happens to the interface between each column and filler wire
5. A butt-weld of 6082-T6 was also created using stationary shoulder FSW for a frame of comparison.
	By doing this several variables are established; filler material, process parameters, starting materials, and copper tracer flow. The research for this thesis is based on the investigation of these variables.


[bookmark: _Toc404107920]3.4 – The SSCFSW of the various materials
[bookmark: _Toc404107921]3.4.1 – General welding methods
	The thickness of the plates of material of all welds was 8mm, equally the plunge depth for all welds was also 8mm. The same tool was used for each weld which had an oval shaped pin with threads, the most commonly used pin type for basic butt-welds up 12mm in depth. However the design of the entire tool required for SSCFSW, i.e. the stationary shoulder and pin are different to that for a conventional FSW. Figure 3.4.A shows and image of what a SSCFSW tool looks like.


[image: ][image: ]
[image: ]
Figure 3.4.A – A schematic of the SSCFSW tool, which fits within the stationary shoulder (details redacted for confidentiality reasons)
	A precision spindle FSW machine is required to produce SSCFSW, this is an American made machine produced by Transformation Technologies Inc. and can be seen in figure 3.4.B. The machine can be employed for the manufacture of specialist welds, including FSW of high temperature materials and utilises a spindle that is highly concentric to which the spindle run-out is less than 10µm. The machine is well designed to exert high forces but maintain low structural deflection, with downward force of 100kN in the Z-axis, but a deflection of less and 0.8mm. Equally in the X-axis, at the maximum traverse speed of 45kN, deflection is less than 0.3mm. Built into the design is the ability to well measure force, speed, distance, and torque.
[image: Fig 2- FSWmachin2mmweld]
Figure 3.4.B – The precision spindle FSW machine required for SSCFSW
	The type of clamping involved for SSCFSW is actually quite elaborate for a double sided weld and has two different sets of clamps depending on whether or not it is the first or second weld. The 90° corner where the vertical column meets the horizontal column for a weld is positioned under the tool, such that its mid-point at 45° is directly below. This means that the 45° corner weld region is vertical so the vertical and horizontal columns form a V-shape, thus the clamps are built around accommodating this awkward shape. However after performing the first welds, the second side of the joint needs to be accessed and the jig now needs to also accommodate the corner shape from the first weld. Therefore, a second jig is attached which is designed around clamping the new shape of the plates since the first weld.
	A pilot hole of approximate size and depth to that of the tool pin - i.e. 8mm depth and width - was used, which helped to initiate and perform coherent welds and would also reduce forces on the FSW tool during the plunge cycle. In table 3.4.A all the various processing parameters for each weld is displayed, in all cases the welds where defect free. Additional weld data such as torque, down-force, etc. can be seen in appendix A. 


Table 3.4.A – The FSW parameters for the various welds
	Alloy 
	Welding Technique
	Rotation Rate (RPM)
	Traverse Speed (mm/min)
	Use of tracers

	AA7075-AA2014
	SSCFSW Filleted
	600
	50
	No

	AA7075-AA2014
	SSCFSW Filleted
	600
	125
	No

	AA7075-AA2024
	SSCFSW Filler Wire
	1000
	125
	No

	AA6082-T6
	SSCFSW Filler Wire
	1200
	100
	No

	AA6082-T6
	SSCFSW Filler Wire
	1200
	200
	No

	AA6082-T6
	SSCFSW Filler Wire
	1200
	300
	No

	AA6082-T6
	SSCFSW Filler Wire
	1200
	200
	Yes

	AA6082-T6
	SSFSW Butt Weld
	1200
	200
	Yes

	AA6082-T6
	SSFSW Butt Weld
	1200
	200
	No

	AA5083-O
	SSCFSW Filler Wire
	1000
	125
	No



[bookmark: _Toc404107922]3.4.2 – The AdstirTM and Filleted technique
	For the SSCFSW technique two methods of can be used in terms of filler material, either by having a filleted vertical column where the fillets provide the filler material, or by using the AdstirTM technique where separate wire acts as a filler. The unique shapes for both sets of weld require specially made clamps for either, but also slight variations in tool design. For the AdstirTM technique a rotating wheel is placed on the front of the tool to hold the wire in place but allow it to be consumed during the FSW technique. The rate of the uptake of this wire is critical to whether or not enough filler wire is consumed during the process and consequently if there are any defects in the corner region. 
[bookmark: _Toc404107923]3.4.3 – The use of copper tracers
	In terms of copper tracers two kinds were employed, thin sheets of copper that were clamped between various material interfaces, and a chemically deposited copper layer on aluminium filler wire. The interface copper tracer had been cold rolled and the annealed in an oxygen-free furnace at 200°C, and had a final thickness of 0.5mm. The copper coated wire was produced by Silchrome Plating Limited in Leeds, and had a thickness of 0.1mm. 
	The thin sheet copper tracers were used for three welds, the interface between the vertical and horizontal column, the interface between the vertical and horizontal column and the filler wires, and the interface between two plates in a SSFSW butt weld. The copper coated wires were used in one weld only, and were used for the filler wires in the adstirTM technique. In this weld no other tracers were used so that the flow behaviour and change of interface could be tracked during FSW. 



[bookmark: _Toc404107924]3.5 – Characterisation
	In terms of sample orientation the welds were all analysed across the traverse axis, various methods including hardness mapping, optical microstructure, and EBSD are used. 
[bookmark: _Toc404107925]3.5.1 – Sectioning
	The sectioning axis was normal to the welding direction (WD) and at a time the welding process took place steady state had been achieved. As a result the traverse section can be seen from left to right, with the advancing side on the left and retreating side on the right. However as the welds are done at a 45° angle, they have to be rotated accordingly in order for the traverse direction to be parallel with the horizontal direction. In figure 3.5.1.A the process of sectioning is shown schematically, and the resulting section that would be analysed.
[image: C:\Users\Sam Gascoyne\Desktop\(0) EBSD sample schematic location.bmp][image: C:\Users\Sam Gascoyne\Desktop\(2) EBSD sample schematic stirred region.bmp]
Figure 3.5.1.A – A schematic representation of the area of the weld that is sectioned and analysed
[bookmark: _Toc404107926]3.5.2 – Hardness measurements
	A Vickers hardness machine with the load set to 1 kg was used across the traverse sections of the welds. The grid had to be specially designed in such a way to accommodate the rounded corner shape of the welds. The spacing between points on the grid was 0.5mm. While an entire map of the weld region was made, initially several hardness lines were made across the traverse region to test the extent of the heat affected zone. Once the hardness data was collected for each point it was turned into coloured contoured plots by using Sigma plot. An example of a typical corner weld hardness map is shown in figure 3.5.2.A.
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Hardness maps and overlays\7075-2024 adstir HM.bmp]
Figure 3.5.2.A – Hardness points on the typical weld
[bookmark: _Toc404107927]3.6 – Metallographic Preparation and Examination
[bookmark: _Toc404107928]3.6.1 – Metallographic Preparation
	For all macrographs, hardness maps, SEM and EBSD analysis the same preparation technique was performed. For samples that were not to be used for EBSD, i.e. hardness maps and macrographs, they were sectioned and mounted in Bakelite, then ground with 120, 240, 600, 1200, and 4000 grit paper. They were then polished using 1 micron water based spray, to finally be polished with colloidal silica (0.05µm). In all cases automated machines such as the Phoenix were used to produce even sample surfaces and guarantee more consistent results. The pressure used was 30 PSI. For the EBSD samples where dimensions are very constrained i.e. 5mm x 10mm x 20mm, individual samples were cut using the Isomet, then mounted in Bakelite, and after appropriate grinding and polishing, were broken out of the Bakelite and stored in methanol.





[bookmark: _Toc404107929]3.6.2 – Etching
	Depending on the desired analysis, post metallographic preparation may involve etching, particularly for optical macro-graphs. Several etchants were used for differing alloys, and gave various results. The best etchant for revealing micro-structure in the 2xxx and 7xxx series alloys tested was Keller’s reagent which has this chemical composition:
100 ml distilled water
10 ml HNO3
10 ml HCL
2 ml HF
This particular form of Keller’s is a weak variation of the much stronger original. The average etching time was between 5-15 seconds. For the 6xxx series sample sodium hydroxide was used, with an etching time of between 30 seconds to 2 minutes. Approximately 10% sodium hydroxide was dissolved into water.
[bookmark: _Toc404107930]3.6.3 – Optical Microscopy
	The Polyvar Optical Microscope was used to look at optical microstructure of various welds, the Polyvar K-run axio microscope has a built in camera allowing for digital image to taken. By using Microsoft publisher the many images were brought together to give an overall macrograph.
[bookmark: _Toc404107931]3.6.4 – Electro-polishing for EBSD
	All the EBSD samples were cut to fit within the dimensions of 10mm x 20mm x 5mm for the sample holder used in EBSD. After due grinding and polishing and additional step of electro-polishing would take place. A solution of 20% Nital was prepared which has 20% Nitric acid dissolved in methanol at -15°C. Then by using 15V and 10 Amps, a sample is submerged into the solution for 40 seconds. The process works well for the 6082-T6 samples, however for the 5xxx, 2xxx, and 7xxx series samples the Amps are reduced to 3, and the polishing time is 30 seconds.
[bookmark: _Toc404107932]3.7 – Electron microscopy – SEM and EBSD
	Two scanning electron microscopes (SEM) were used for the microstructural analysis or EBSD. The FEI Inspect F field emission Gun (FEG) SEM and the FEI Sirion FEGSEM were the two microscopes used, with the Inspect F focusing on precipitate distribution and atomic quantification, and the Sirion was used for EBSD. The Sirion has a specialised in-lens detection system for extremely high resolution in two modes, secondary and back-scattered. It is also equipped with a Nordlys CCD camera and is controlled by HKL Channel 5 software. Very high levels of resolution can be achieved with the Sirion, where in SE mode a maximum of 1nm resolution can be seen at 30kV and a maximum resolution of 2nm in SE mode at 1kV.
	The Inspect F was used to analyse the copper tracers stirred into the welds and the precipitates of the base alloys post welding. The copper tracers were confined to the stir zone, and typically in bands, so these were the areas analysed. The same applied to the samples with dissimilar base and vertical columns, the precipitates in the banded region of the nugget were analysed. To ascertain whether or not copper was present in certain distinct regions, EDAX analysis software was used. This allowed for the identification of copper rich and copper free regions, but also gave the chemical composition of the various precipitates also analysed.
	The areas that were investigated by the microscope were predominantly the DRX, with some consideration of the adjacent TMAZ and the beginning of the HAZ. A thin band covering this region in the traverse direction was used; it was approximately 0.5mm x 12mm-15mm in area and the step size varied between 0.7-2µm. By analysing this area crystallographic texture can be obtained, and certain details of the micro-structure can be observed, such as grain size. 


[bookmark: _Toc404107933]3.8 – Performing EBSD analysis
	The two main stages of EBSD analysis are data acquisition and data processing. These two steps define an EBSD analysis and the practical use of each step is discussed below.
[bookmark: _Toc404107934]3.8.1 – Data acquisition for EBSD
[bookmark: _Toc404107935]3.8.1.1 – EBSD pattern formation
	After loading ones sample into the SEM device and performing image focusing and stigmatism, the sample needs to be tilted 70° relative to the horizontal axis (or 30° relative to the beam). After setting an appropriate working distance (the tilt drastically changes it), the CCD camera is inserted at a set distance relative to the system calibration so that it is close enough the sample surface. With the sample surface located and the HKL Nordlys EBSD camera inserted, the electron beam reveals Kikuchi patterns. Figures showing the tilt and inserted CCD camera can be seen below in figure 3.8.1.1.A.
[image: SPSTi60m001_005]
Figure 3.8.1.1.A – An in chamber CCD image for the FEI Inspect F demonstrating a tilted specimen holder at 70° and an inserted HKL Nordlys EBSD camera. [Ahmend, 2009]
	Raw unprocessed EBSD patterns are rarely ever clear enough for a confident analysis, so in order to improve this process of background subtraction is required. By taking an image of a large area but with small magnification a background image is created. Then by subtracting this background image from the raw EBSD data a far clearer pattern can be obtained. This is demonstrated below in figure 3.8.1.1.C.
[image: EBSD background step00improved]
Figure 3.8.1.1.C – Raw EBSP data enhanced by subtraction [Oxford Instruments, 2009]
[bookmark: _Toc404107936]3.8.1.2 – The EBSD Run
	In order to use the automatic analysis, the EBSD software has to calibrated appropriately. The variable parameters that are configured will decide how long the acquisition time is and the quality of the Kikuchi patterns. The following variables are responsible for this are discussed below.
1 – Accelerating Voltage
	Increasing the accelerating voltage will generally reduce the integration time required, because the phosphor screen detects more energy and brighter patterns can be observed. Additionally, because the electron wavelength has been reduced, the width of Kikuchi bands is also decreased in the diffraction pattern.
2 – Probe Current
	Similar to the accelerating voltage, an increase in probe current will reduce the camera integration time. This is a result of an increase in the electrons which contribute to the diffraction pattern. However, an increase in probe current will also increase the electron beam size, therefore getting the right spatial resolution is essential.
3 – Number of Frames
	The number of frames used has a direct trade off, where while increasing the number frames will produce a better quality pattern, the mapping time will take longer. To use frames to improve the Kikuchi patterns works on the basis that a larger pool of frames gives better averaging and increases resolution.
4 – Time per frame
	Similar to number frames, time per frame has a direct trade-off between quality of resolution and acquisition time. Thus if time per frame is increased, the resolution increases but so does the acquisition time. In order to increase time per frame however, it requires manipulation of probe current and accelerating voltage.


5 – Pixel Pining
	Frequently a single pixel in an image will actually be made several neighbouring pixels observed by the CCD, this is known as pixel pining. This is also has trade off, while the acquisition time is decreased, the quality of the EBSD pattern is also reduced, thus balance is required. The reason behind this effect is because there is a larger pixel detection area and pixel binning; therefore less integration time is needed to get a certain signal. If then a good diffraction pattern is achieved for a resolution of 12 ms at 1300 x 1024, then an equivalent pattern can be achieved for a resolution of 3 ms at 650 x 512. No pinning is used for fast resolution analysis, and 8x8 pinning is acceptable for fast acquisition.
6 – Magnification
	Magnification has no bearing on acquisition time or resolution, but is helpful depending on the given step size. In order to check the entire area that will be analysed, an appropriate magnification is required, therefore high magnification for small step sizes and low magnification for large step sizes.
7 – Step size
	The EBSD map resolution is decided by the step size, and once again its trade off, with a small step size high resolution is achieved, but is slows acquisition time, and vice versa. Typically setting the step size to the estimated grain size can work really well in producing a coherent map. Again, it depends on the map you want, if its texture  analysis then a larger step size would work, however a detailed microstructural analysis will require a greater resolution and therefore a smaller step size.
8 – Working Distance
	In EBSD acquisition the working distance is known as the distance between the specimen surface and pole piece base. It is critical when using the Sirion FEGSEM to maintain a steady working distance of approximately 14-15mm, especially after tilting.









The typical parameters for EBSD acquisition on the sirion are shown in table Table 3.8.1.2.A
Table 3.8.1.2.A – Typical EBSD process parameters for the Sirion FEGSEM
	Parameter
	Value range

	Magnification
	200-500 µm

	Beam Spot Size
	3-5

	Beam Voltage
	20 keV

	No. of Background Frames
	64

	No. of Averaged Frames
	6-8

	Timing per Frame
	12-14 ms

	Step Size
	0.3-4 µm

	Mapping Rate
	0.115-0.2 s-1

	Camera Binning
	4x4 pixels



[bookmark: _Toc404107937]3.8.2 – Data Processing
	An essential part of data processing is actually bringing a series of maps together that were collected over the entire scan region. By using the Channel 5 map-stitcher a matrix of jobs can be correlated together to make a complete map. After the stitching process a series of Channel five sub-programs can do an analysis. The Tango part of the software allows for the visualisation of orientation image maps (OIM), the mambo helps create pole figures and inverse pole figures, and the Salsa part can create ODFs.
[bookmark: _Toc404107938]3.8.2.1 – Orientation Image maps (OIM)
	Tango is very good at taking raw data and turning it into useable EBSD data that can presented with meaning. EBSD cannot guarantee 100% indexing across the entire area, frequently certain regions are difficult to index such as unknown phases, inclusions or grain boundaries. Tango is well designed for this and has a noise reduction capability, it removes zero solutions (non-indexed points) and wild spikes which are points that have not been properly indexed. The way noise reduction works after removing wild spikes and zero solutions is by replacing them with copies of neighbouring points. Figure 3.8.2.1.A gives an example of a OIM that has undergone noise reduction.

[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\EBSD pre-processing.bmp][image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\EBSD Post-processing.bmp]
Figure 3.8.2.1.A – An example of raw EBSD data (top) with white representing zero-solutions, and EBSD data after noise reduction (bottom)
	There are several ways to present an OIM, however in most cases either Euler or inverse pole figure colouring are used. For the work demonstrated in this thesis most EBSD OIM will be IPF colouring. The texture components for each map are set by predetermined colours decided by the user. IPF colouring works on the basis of having a set plane, and then colouring each pixel relative to a plane that is parallel to the set plane. The advantage of IPF texture representation is that the set plane can be the sample coordinate system, and so all of the crystallographic orientations can be interpreted relative to it. While this is highly advantageous, IPF colouring does not fully represent the texture as IPF has set poles (i.e. 001, 110, 111) parallel to set direction, and also the rotation around a direction of interest is unknown. 
[image: ]
Figure 3.8.2.1.B – An example of IPF colouring legends for EBSD
[bookmark: _Toc404107939]3.8.2.2 – Pole figures (PFs)
	In order to obtain pole figures from the EBSD data one must use the Mambo sub-program. A stereographic projection of the upper hemisphere is built on scattered data to make the first PFs, and will be relative to specified planes, mainly the 111, 110, and 001 crystal axis. By using predetermined contouring parameters, the texture components and their intensities can be calculated to produce a PF. In this research both colours and contour lines were used to indicate texture component, and for any contour lines above 1 times random the colour intensity was set at 6 so that the texture could be easily visualised. Scattered data and their calculated PFs for this work can be seen as an example below in figure 3.8.2.2.A.
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Scattered PF.bmp][image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Unscattered PF.bmp]
Figure 3.8.2.2.A – An example of scattered data (left) and their calculated PF (right)
[bookmark: _Toc404107940]3.8.2.3 – Orientation Distribution Function (ODF) calculations
	In order to represent a given orientation for a specific material an Orientation Distribution Function (ODF) can be used. By using the three Euler angles as a reference location, a density value can be assigned relative to how strong a given orientation is, and an ODF can be created. Determining the strength of a given orientation is defined by a ratio. The ratio is based on the orientation and its difference to what would be expected for just a random distribution of orientations.
	Using the Salsa sub-program of Channel 5 can create an ODF, but it is essential to select the right coordinate system. By using a virtual chamber in Channel 5 the WD, ND, and TD can visualised and used to show a schematic representation (see figure 3.8.2.3.A). Synchronising the acquisition surface coordinate system with the sample coordinate system is essential, and it can be seen in figure 3.8.2.3.A that the two are out of sync. By performing a rotation of 270° the acquisition surface coordinate system (TD, ND, WD) can match the sample coordinate system (TD, WD, ND).
[image: ]
Figure 3.8.2.3.A – An example of the virtual chamber and its respective axis
[bookmark: _Toc404107941]3.9 – Summary
	This chapter has given an explanation of experimental methods employed during research, especially the process parameters of the welds, and nature of the SSCFSW. The thesis will now discuss the results obtained from these methods.


Chapter 4 – The 6xxx series samples
[bookmark: _Toc404107942]4.1 – Introduction
	In this chapter the results from the 6082-T6 samples will be presented and discussed. In total four welds were investigated, 3 of which were using SSCFSW, and one using stationary shoulder FSW. The traverse speeds vary for all three SSCFSW samples, but the SSFSW butt weld has the same traverse speed as one of the SSCFSW samples. In all cases the same tool pin is used, but the clamps and shoulder design varied between the SSCFSW and SSFSW butt welds. A series of macro-graphs, hardness measurements, EBSD texture maps were made for the welds. Table 4.1 gives details of the different welds and their parameters:
Table 4.1.A – The different 6xxx series welds and their distinctive parameters
	Alloy
	Traverse Speed (mm/min)
	Rotation rate (RPM)
	Filler Material
	Welding Technique

	AA6082-T6
	100
	1200
	AA6082-T6 Wire
	SSCFSW

	AA6082-T6
	200
	1200
	AA6082-T6 Wire
	SSCFSW

	AA6082-T6
	300
	1200
	AA6082-T6 Wire
	SSCFSW

	AA6082-T6
	200
	1200
	No Filler
	SSFSW Butt-Weld


[bookmark: _Toc404107943]4.2 – Optical Microscopy
	In figures 4.2A-C all 3 of the SSCFSW macrographs can be seen, and in figure 4.2.B the macrograph for the SSFSW butt-weld can be also seen. For all the welds it is very easy to identify the stirred region, and so the DRX can be readily identified. However, the TMAZ is far more difficult to identify, with only very slight indications of its existence at the very border of the DRX. 
	The optical macro-graphs reveal some similarities and differences between conventional FSW. The sharp transition between the base material and stirred region is observable on the advancing side, and equally a far more gradual transition from the stirred region to the base material is observable for the retreating side, which is consistent with other FSW. The presence of the TMAZ is very small, less than 0.5mm in length, which is typical of pin dominated FSWelds, because the shoulder is the dominant cause for TMAZ [Scialpi et al. 2007]. However, the strong appearance of bands stretching from the advancing side to the retreating side in the weld region is something not conventionally seen in FSW butt welds. At a 45° angle tilted downwards towards the horizontal axis – like the rest of the stirred region – these phenomena are dubbed ‘blades’ due to their appearance. 
	SSCFSW T-joints are characterised by having a weld over weld. The consequence is that welded material effectively undergoes two thermal cycles, and therefore certain characteristics in the second weld could be a consequence of the first weld and vice versa. The blades phenomena appears not to be a result of weld over-lapping, mainly because the same phenomena can be seen in the first weld. This phenomenon is seen in all three macrographs despite their variation in traverse speed. Given the strong effect that the FSW tool has on material flow behaviour during FSW [Fujii et al. 2006], and the fact that varying process parameters has no effect on the presence of blades, it is likely that tool design is the major factor for its existence. 
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Optical Micrscopy for 6082-T6\Macrograph 100mm-min (6082-T6).bmp]
Figure 4.2.A – A SSCFSWeld t-joint at traverse speed 100 mm/min
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Optical Micrscopy for 6082-T6\Macrograph 200mm-min (6082-T6).bmp]
Figure 4.2.B – A SSCFSWeld t-joint at traverse speed 200 mm/min
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Optical Micrscopy for 6082-T6\Macrograph 300mm-min (6082-T6).bmp]
Figure 4.2.C – A SSCFSWeld t-joint at traverse speed 300 mm/min
[image: ]
Figure 4.2.D – A SSFSWeld Butt weld at traverse speed 200 mm/min

[bookmark: _Toc404107944]4.2.1 – SSCFSW optical microstructure across the weld region
	Figure 4.2.1.A shows several points of interest for the second SSCFSW of AA6082-T6, which has not been welded over. Images 1 and 3 show the respective advancing and retreating sides of the weld, images 2, 4 and 5 show the blade and non-blade regions, and image 6 shows the interface between the base area HAZ and the DRX. Certain microscopic images are enhanced using imaging software to improve grain boundary appearance and contrast. Noticeably the conventional FSW characteristics can be observed, such as the advancing and retreating side, but also the presence of blade and non-blade regions are clearly present. Most interestingly, besides differences between shading and precipitate sizes, the grains in the blade and non-blade regions are a similar size.
[image: C:\Users\Sam Gascoyne\Desktop\6082-T6 Optical Microscopy\6xxx 200mm\Modifications\Areas of interest Macrograph.bmp]
Figure 4.2.1.A – Overall macrograph of the second SSCFSW for AA6082-T6, with areas marked which have been analysed at higher magnification
[image: C:\Users\Sam Gascoyne\Desktop\6082-T6 Optical Microscopy\6xxx 200mm\Modifications\005md.bmp]
Figure 4.2.1.B – Area 1 in figure 4.2.1.A, showing the transition from the HAZ (left) to TMAZ (centre) to DRX (right)
[image: C:\Users\Sam Gascoyne\Desktop\6082-T6 Optical Microscopy\6xxx 200mm\Modifications\003m.bmp]
Figure 4.2.1.C – Area 2 in figure 4.2.1.A, showing the blade (white) and non-blade (light purple) regions
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\6082-T6 - Optical Micrscopy\6082-T6 SSCFSW Optical Microscopy\6xxx 200mm\Modifications\007md.bmp]
Figure 4.2.1.D – Area 3 in figure 4.2.1.A, showing the transition from the DRX (left) to TMAZ (centre) to HAZ (right)
[image: C:\Users\Sam Gascoyne\Desktop\6082-T6 Optical Microscopy\6xxx 200mm\Modifications\006m.bmp]
Figure 4.2.1.E – Area 4 in figure 4.2.1.A. showing the blade (lighter colouring) and the non-blade (darker colouring) regions 
[image: C:\Users\Sam Gascoyne\Desktop\6082-T6 Optical Microscopy\6xxx 200mm\Modifications\002md2.bmp]
Figure 4.2.1.F – Area 5 in figure 4.2.1.A showing a close up view of the microstructure within a blade (enhanced)
[image: C:\Users\Sam Gascoyne\Desktop\6082-T6 Optical Microscopy\6xxx 200mm\Modifications\001md3.bmp]
Figure 4.2.1.A - Area 6 in figure 4.2.1.A showing where the HAZ (bottom and enhanced) meets the base of the weld (top and not enhanced)
[bookmark: _Toc404107945]4.2.2 – SSFSW Butt-weld optical microstructure across the weld region
	Figure 4.2.2.A shows a butt weld SSFSW for AA6082-T6. Areas 1-5 show the horizontal transition across the butt weld moving from advancing side(left) to the retreating side (right). Areas 6-9 show the DRX spread over the blade and non-blade regions. The areas show the various microstructural zones including the HAZ, TMAZ, and DRX, but also show and contrast blade and non-blade regions. Once again the weld shows a great deal of similarity to the SSCFSW weld, including blade and non-blade regions.
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Figure 4.2.1.A – Overall macrograph of the second SSCFSW for AA6082-T6, with areas marked which have been analysed at higher magnification

[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\6082-T6 - Optical Micrscopy\6082-T6 BUTTWELD\6082 butt weld final images\001 Base-Left-Right.bmp]
Figure 4.2.1.B – Area 1 in figure 4.2.2.A, showing the HAZ)
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\6082-T6 - Optical Micrscopy\6082-T6 BUTTWELD\6082 butt weld final images\002 Base-Left-Right.bmp]
Figure 4.2.1.C – Area 2 in figure 4.2.2.A, showing the transition from the HAZ (left) to TMAZ (centre-right) to DRX (right) for the advancing side of the weld.
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\6082-T6 - Optical Micrscopy\6082-T6 BUTTWELD\6082 butt weld final images\005 Base-Left-Right.bmp]
Figure 4.2.1.D – Area 3 in figure 4.2.2.A, showing the DRX and the transition from the blade (left) to the non-blade region (right)
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\6082-T6 - Optical Micrscopy\6082-T6 BUTTWELD\6082 butt weld final images\007 Base-Left-Right.bmp]
Figure 4.2.1.E – Area 4 in figure 4.2.2.A, showing the transition from the DRX (left) to TMAZ (centre) to HAZ (right) for the retreating side of the weld
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\6082-T6 - Optical Micrscopy\6082-T6 BUTTWELD\6082 butt weld final images\008 Base-Left-Right.bmp]
Figure 4.2.1.F – Area 5 in figure 4.2.2.A, showing the TMAZ (left) transitioning to the HAZ (right) 
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\6082-T6 - Optical Micrscopy\6082-T6 BUTTWELD\6082 butt weld final images\k001 BOT-TOP.bmp]
Figure 4.2.1.G – Area 6 in figure 4.2.2.A, showing the non-blade region at the very base of the weld
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\6082-T6 - Optical Micrscopy\6082-T6 BUTTWELD\6082 butt weld final images\k002 BOT-TOP.bmp]
Figure 4.2.1.H – Area 7 in figure 4.2.2.A, showing the blade region (purple shading) and the non-blade region (light shading)
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\6082-T6 - Optical Micrscopy\6082-T6 BUTTWELD\6082 butt weld final images\k003 BOT-TOP.bmp]
Figure 4.2.1.I – Area 8 in figure 4.2.2.A, showing the blade region (purple shading) and the non-blade region (light shading)
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\6082-T6 - Optical Micrscopy\6082-T6 BUTTWELD\6082 butt weld final images\k004 BOT-TOP.bmp]
Figure 4.2.1.J – Area 9 in figure 4.2.2.A showing the blade region (purple shading) and the non-blade region (light shading)
[bookmark: _Toc404107946]4.3 – Hardness Profiles
	Figures 4.3.A-D show the hardness profiles for the SSCFSWelds and the SSFSW butt weld. For the SSCFSW hardness maps it can be quite difficult to actually visualise the stirred zone because there are two that overlap, and both are tilted at a 45° angle. However, if the second weld is focused on, it can be compared quite easily to other conventional butt welds. In all the hardness profiles the parent material (orange) can be seen, then there is drop to the lowest hardness, some recovery, a drop in hardness again, and then finally the profile ends at the parent material again. It is easy to see what looks like the remains of the first weld. In order to get a full T-Joint in SSCFSW two welds must take place, and the reason for not seeing much of the DRX in the first weld is because it falls into the HAZ of the second. Thus much of the post weld recovery that would have happened during the first weld is lost due an additional thermal cycle from the second. That is why it is more important to assess the second weld than the first, because it has been unaffected by other welding.
	Two very clear phenomena are observable from the hardness maps, first that there is consistent loss of hardness in the weld region with minor recovery in the centre of the stirred zone, and secondly, that with increasing traverse speed, the overall loss of hardness across the weld area decreases. The loss of hardness is very consistent with other research [Sato et al. 1999][Scialpi et al. 2006][Sato et al. 2011] for AA6082-T6, where a significant loss of hardness is found around the weld region, but some recovery is observed in the DRX. This is due to precipitate coarsening and dissolution caused high temperature welding (450-500°C). Precipitates either dissolve or coarsen causing a loss in material hardness, but some hardness is recovered in the DRX because of grain refinement. The area that experiences the lowest hardness is just outside of the DRX where the TMAZ meets the HAZ, this region experiences the highest temperatures but has no additional grain refinement. 
	All three of the SSCFSW were made entirely out of AA6082-T6 including filler wire, they were welded by the same tool, and only one condition was varied – the traverse speed. Therefore, the welds are comparable, and the effect of a variation in traverse speed can be realised. As explained in chapter 2 the heat input of a weld is decided by two parameters, traverse speed and rotation rate [Peel et al. 2003]. As a general rule, as the traverse speed increases the heat input decreases, this is because the traverse per revolution ratio has increased. This means the time the tool spends at any given part of the weld is reduced, and consequently the heat input is also reduced. This is well demonstrated with the AA6082-T6 SSCFSWelds as the areas of low hardness steadily decline with increasing traverse speed. It is also worth noting that the regions that see the most recovery are closest to the top of the stirred zone. This is not unexpected as the stationary shoulder acts as heat sink and facilitates faster cooling, therefore the parts of the weld that are closest to it are likely to have better recovery than the rest of the weld.
	For SSFCSW the areas of lowest hardness, both in terms of values and area, is the base region of both welds. Effectively two HAZ overlap, and so large loses in hardness can be observed. At traverse speeds of 100 mm/min the largest horizontal length of low hardness (ranging from 50-85HV) is 8mm. For Traverse speeds of 200mm/min the low hardness region declines to maximum horizontal length of 6mm, and for 300mm/min it declines to 4mm. Equally, the length of low hardness (50-85HV) between the advancing side and the parent material steadily declines with increasing traverse speeds. So at 100mm/min the length is 3mm, for 200 mm/min its 2.5mm, and for 300mm/min the length is 1 mm.
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Hardness Maps for all 6082-T6\AA6082-T6 100 mm-min.jpg]
Figure 4.3.A –SSCFSWelded AA6082-T6 at a traverse speed of 100mm/min
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Hardness Maps for all 6082-T6\AA6082-T6 200 mm-min.jpg]
Figure 4.3.B –SSCFSWelded AA6082-T6 at a traverse speed of 200mm/min
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Hardness Maps for all 6082-T6\AA6082-T6 300 mm-min.jpg]
Figure 4.3.C –SSCFSWelded AA6082-T6 at a traverse speed of 300mm/min
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Figure 4.3.D –SSFSWelded AA6082-T6 at a traverse speed of 200mm/min
[bookmark: _Toc404107947]4.3.1 – The hardness overlays for 6082-T6
	Figures 4.3.1.A-D show the three hardness maps overlaid on the three macrographs performed at 100, 200, 300 mm/min, and the butt weld hardness map overlaid on its macrograph which was produced at 200 mm/min. For the second welds the areas of highest hardness are nearest the top of the stirred zone, but also are predominantly in regions without blades. The base region of the stirred zone – where blades are largest and most common – shows low hardness similar to that of the HAZ. Equally, in regions where the blades are less apparent, higher hardness can be observed, suggesting the blades have different material properties to the rest of the welds.
	Another consideration is the low hardness within the DRX which is indistinguishable from the HAZ; in fact the areas of lowest hardness are at the base of the second weld where it meets the base of the first weld. The softening of material at the base of the second weld could be explained by the fact that the area being welded the second time is a HAZ, however that does not explain the recovery of top part of the stirred zone – parts of which are also within the HAZ form the first weld. It would appear that the presence of blades, particularly towards the base of the weld zone, is a factor for the loss of hardness observed. 
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\6082-T6 - Hardness Maps and overlays\Hardness overlay 6082 100mm-min.bmp]
Figure 4.3.1.A – A hardness map overlaid on a macrograph for 6082-T6 SSCFSW at 100mm/min
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\6082-T6 - Hardness Maps and overlays\Hardness overlay 6082 200mm-min.bmp]
Figure 4.3.1.B – A hardness map overlaid on a macrograph for 6082-T6 SSCFSW at 200mm/min
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Figure 4.3.1.C – A hardness map overlaid on a macrograph for 6082-T6 SSCFSW at 300mm/min
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Figure 4.3.1.D – A hardness map overlaid on a macrograph for 6082-T6 SSCFSW at 200mm/min




[bookmark: _Toc404107948]4.4 – Crystallographic texture of AA6082-T6
	For the 6082-T6 samples the area of interest is approximately 3mm from the bottom of the base column – the base of the probe dominated region – and also 2mm from the surface – the wire region. This allows for the investigation into the texture of the wire filler and base material regions, and help to discern the difference – if any – between the blade and non-blade regions. Many authors [Fonda et al. 2004][Fonda and Bingert, 2007][Prangnell and Heason, 2005] have published that the process of friction stir is predominantly affected by simple shear. For conventional butt-welds the shoulder region has a different macroscopic orientation in the shear plane and shear plane normal to that of the probe region, however, this may not be the case for shoulder region of SSCFSWelds. 
	Typically a huge amount of deformation takes place in the shoulder region of a butt weld. This is where the rotation of the shoulder generates shear flow lines that the shear direction is aligned to and with the ND being parallel to the shear plane. The probe dominated regions for FS processed material also sees the shear flow lines aligned with shear direction, but the shear plane is parallel to the probe surface. For these welds the shoulder has little to no mechanical effect, therefore it is likely that the simple shear analysis can be applied to the entire weld.


[bookmark: _Toc404107949]4.4.1 – Sample orientation and location of EBSD
	For the sake of EBSD analysis the samples have been cut specifically so that instead of the traverse direction being at 45° angle, it is horizontal. Figure 4.4.1.A shows schematically how this process is performed, and figure 4.4.1.B shows the exact locations on a macrograph. It is worth noting that the retreating side and advancing side has swapped sides as this represents the way the sample was analysed with the machine. The transverse direction (TD) is in the horizontal direction (x-axis), the normal direction (ND) is in the vertical direction (y-axis), and the welding direction (WD) comes out of the 2D plane (z-axis). Figure 4.4.1.C and 4.4.1.D are OIMs of the base and wire filler regions respectively (as indicated in figure 4.4.1.B) which was coloured using IPF in respect to the ND and the corresponding (111), and the PFs were made for approximately 600µm wide map sections. The PFs were designed so that the WD is central and coming out of the page, the TD is horizontal, and the ND is vertical. For the assumption that material is dominated by probe shear the ND should have a direction of zero strain which can be equated to ‘r’ in torsion.
[image: C:\Users\Sam Gascoyne\Desktop\(0) EBSD sample schematic location.bmp][image: C:\Users\Sam Gascoyne\Desktop\(2) EBSD sample schematic stirred region.bmp][image: ]
Figure 4.4.1.A – The schematic area cut and then analysed using EBSD
[image: ]
Figure 4.4.1.B – The two locations of EBSD analysis for 6082-T6, with the base region bottom, and the filler wire region top
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Figure 4.4.1.C – OIM of base region with PF corresponding to their equivalent sections for the wire filler region of the weld

Figure 4.4.1.D - – OIM of wire filler region with PF corresponding to their equivalent sections for the base region of the SSCFSW


[bookmark: _Toc404107950]4.4.2 – The 6082-T6 SSCFSW regions
	Similar to the optical imagery the OIM in both figures 4.4.1.C and 4.4.1.D displays larger grains outside of the advancing and retreating sides of the weld. For the advancing side there is a sharp transition into the stirred region and for the retreating side there is more gradual transition – the same as what was observed using optical microscopy. The stirred region is dominated with grain orientations in the <111> (coloured blue or purple) with very infrequent <110> green orientations. At the advancing and retreating sides of the weld where stirred region ends the larger grains don’t not have a strong texture; there is clear indication of <111>, <110>, <001> orientations without a strong frequency of one in particular. 
	The TMAZ can be well observed at the retreating side and to a lesser extent the advancing side, and is characterised in terms of texture by having a deformed rolling texture. This is confirmed by the PFs for this region, which show low levels of strain. The stirred region or DRX demonstrates high strain because a new texture is observable, and clear banding – especially at the advancing side. The central region in terms of banding has a near elliptical shape, and despite the two separate locations – one being far closer to the shoulder region than the other – the same shape can be seen centrally. The authors Fonda and Bingert have attributed this effect to the frequency of tool advance per revolution [Fonda and Bingert, 2007]. Due to the plane of observation which is normal to the WD, the thickness of the bands appears to be far thicker centrally than those closer to the advancing and retreating side, this is because of the tool’s forward motion.
[bookmark: _Toc404107951]4.4.3 – The rotation and shear of EBSD results
	The DRX is defined by off-axes shear textures, as found by other authors [Fonda and Bingert, 2007][Prangnell and Heason, 2005]. However, throughout the DRX rotation texture can be observed. At the very extreme end on the advancing side, just where it meets the non-stirred region, an intense (111) pole of shear texture can be detected. Its location is in the WD plane but is tilted about 20° from the ND. This texture is not just seen at this point, but in fact is rotated around the ND as a function of distance from the centre of the weld. The value given to this distance is x, so that when x=0 the (111) pole intensity lies exactly in the TD plane, but is still tilted at 20°, or 110° from the WD. Thus by following the progression of the (111) pole about the ND it travels from the AS to the extreme end of the RS and lies in the WD plane again – but tilted in the opposing direction of the AS.
	With the rotation of texture in mind, it can be postulated that the entire DRX texture is equivalent and can be linked to each other by two rotations, ‘α’ and ‘β’. The ‘α’ rotation is around the ND, and the ‘β’ rotation is constant tilt angle around a direction perpendicular to the ND (see figure 4.4.3.A for schematic representation). The probe tool rotation appears to have the largest influence on deformation when this rotational symmetry is considered. Additionally, the deformation gradient that is experienced by the material also appears to be less affected by the forward tool motion, thus placing high emphasis on tool rotation is the dominant deformation mechanism.
[image: ]
Figure 4.4.3.A – A schematic representation of the shear texture for intense (111) poles relative to angles α and β [Ahmed, 2009]
	Given that the shoulder has no effect on deformation, it is certain that the NG is dominated by the tool probe. As a result, for every point in the NG it is possible to calculate the location of the ideal simple shear reference frame for both the shear direction (θ) and shear plane normal (Z). This is achieved by analysing where the tool probe last applied deformation during welding, and is schematically represented in figure 4.4.3.B. This can be explained using the references of θ and Z, where in the centre of the weld θ is perpendicular to the WD, but at the extremes of the advancing and retreating sides θ is parallel to the WD. As for Z, it is assumed to have a tilt at an equivalent angle to that of β, which is consistent at any location. Thus, in order to calculate the exact direction of θ for any given location in the weld, α is used and is shown in this equation:
									(4.4.3.A)
	In this case x is the distance from the centre of the weld, NGr is the nugget’s radius at a given point, and the relationship between them is shown schematically in figure 4.4.3.C. By this basis the texture within the NG relative to simple shear reference frame can be investigated, and a methodology has been designed in order to achieve that aim.
[image: ]
Figure 4.4.3.B – A schematic representation of reference frames for FSW shear (θ,Z,r) [Ahmed, 2009]

[image: ]
Figure 4.4.3.C – (a) A schematic in order to calculate the θ direction at any given point in the DRX, and (b) a schematic displaying the radius relative to the AS (NGras) and relative to the RS (NGrrs).
	An orientation matrix ‘G’ can be established based on the orientation of any point in the EBSD data that has been acquired experimentally. This matrix can be used to transform the rectangular specimen coordinate system of WD, TD, and ND into the crystal coordinates for cube edge directions [Bunge, 1982]. By post-multiplying G by the two rotations Rα and Rβ, the reference coordinate system WD, TD, and ND can be transformed to the local , Z, r (see equation 4.4.3.B). The rotation Rα rotates G around the ND by the angle α, and Rβ rotates the new orientation matrix around the TD by angle β. The first rotation by angle α considers shear reference frame rotation around the ND, and the second rotation by angle β considers the shear reference frame tilt- which is based on the taper of the probe. As a result a new orientation matrix Gr is established and can be used to describe the orientation of any given location relative to the local shear reference frame. This means that across the entire NG the texture components, in relation to by the local shear reference frame, can be analysed.
Gr=GRαRβ, where:
[image: ]	Equation 4.3.3.C
	With these equations in mind a program was created in order to transform EBSD data relative to these rotations. Basic input values are required, these consist of the tile angle β, the radius of the NG relative to the AS (NGras), and the radius of the NG relative to RS (NGrrs). In terms of the radius, depending on the location the NGras and NGrrs may not be necessarily equivalent and may vary in size. After extensive trialling [Ahmed, 2009] it was determined that the effective radius of the RS needed to be less that the AS in order to obtain ideal shear components. 
[bookmark: _Toc404107952]4.4.4 – Rotational shear corrected results for crystallographic texture
	The same tool was used for all SSCFSWelds and SSFSWelds which had a tilt angle (β) of 5°, and at the centre of the DRX there is no rotation required around the ND (where x = 0) so therefore α = 0. In terms of correction, the DRX base region the NGrrs was set at4116µm with a NGras of 4732µm, and for the DRX wire filler region the NGrrs was set 3918µm, and the NGras was set at 4806µm. The results of the correction for both the DRX filler region and DRX base region can be seen in figures 4.4.4.B-C and 4.4.4.E-F respectively. 

	With a relatively small correction such as a 5° tilt it is unsurprising that there is little difference between the corrected and uncorrected IPF OIM. For both cases the maps are dominated by <111> crystal directions which are parallel to the r direction for a given shear reference frame, and in both cases there are bands that are particularly pronounced on the advancing side that show a small degree of <110> crystal directions. The texture throughout the DRX can be described as simple shear texture with dominant B/components, while there are some C components they are very slight in presence and can be seen towards the RS and faintly between the bands on the advancing side. 



	In order to confirm and emphasise this figures 4.4.4.C and 4.4.4.F were created with B (red),(yellow), and C (blue) components that all had a 25° spread. The figures also confirmed that the banded regions particularly prominent on the advancing side are alternating B and , which is similar to work by Fonda and Bingert [Fonda and Bingert, 2007] when they analysed a weld centre (x = 0). The C component is spread across both sets of samples, but appears to be more prominent in the red banded B region than the yellow banded  for the base region sample. In both cases the retreating side shows higher levels of the C component.
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[image: C:\Users\Sam Gascoyne\Desktop\EBSD 6082-T6 Wire\Images\Corrected PF\6Wire(c)_CBB.bmp]
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Figure 4.4.4.A-C – A) EBSD IPF colouring map before software correction with respect to ND for the filler wire region (see Figure 4.4.1.B) and below the map (111) pole figures in 500-600 m steps across the whole AA6062-T6 FS weld NG. B) IPF colouring map after rotation correction with respect to r direction with the resultant (111) pole figures below the map. C) Texture components map after rotation correction with (red), (yellow), and C (blue)
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[image: ][image: C:\Users\Sam Gascoyne\Desktop\EBSD 6082 (base region - OCT)\Images\Corrected\6BWS(C)_TC.bmp]


Figure 4.4.4.D-F – D) EBSD IPF colouring map before software correction with respect to ND for the base region (see Figure 4.4.1.B) and below the map (111) pole figures in 500-600 m steps across the whole AA6062-T6 FS weld NG. E) IPF colouring map after rotation correction with respect to r direction with the resultant (111) pole figures below the map. F) Texture components map after rotation correction with (red), (yellow), and C (blue). 
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[image: scalebar Wire-Filler-region]Figure 4.4.4.G – A rotated IPF colouring map indicated in Figure 4.4.4.B and the resulting ODF sections at ф2 = 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) in 500-600m steps across the entire AA6082-T6 SSCFSW DRX for the wire filler region.



	In figure 4.4.4.G the ODF sections at ф2 = 0° and ф2 = 45° for 500-600m segments of the OIM after rotation corrections can be observed. In this case the texture is very strong with maximum values reaching 24 x random, which is also reflected in figures 4.4.4.A-C. For the ф2 = 0° region no texture was detected in any of ODF segments. For the ф2 = 45° B/ components had strong representation, but no evidence of the C component was demonstrated in any of the ODF sections. The ODF reflects the apparent result from figure 6.6.2.C, which shows the alternating B/components, but shows no evidence of the C component, which is quite apparent in the alternating bands.
[image: ][image: ][image: C:\Users\Sam Gascoyne\Desktop\EBSD 6082-T6  Base Region\Final Images\Stir\scHFPA-OverallPF.bmp][image: C:\Users\Sam Gascoyne\Desktop\EBSD 6082-T6  Base Region\Final Images\Corrected\scHFPA(c)_PF_Overall.bmp]
[image: ][image: C:\Users\Sam Gascoyne\Desktop\EBSD 6082-T6  Base Region\Final Images\ODF\Cropped ODF\scHFPA(c)_ODF-Overallc.bmp]
Figure 4.4.4.H – The (111) and (011) PFs for the entire EBSD data of the 6082-T6 base region DRX before rotation correction (A) and after rotation (B). (C) is the ODF sections at ф2= 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) for the rotation corrected data set across the entire DRX.

[image: ][image: ]
Figure 4.4.4.I – A rotated IPF colouring map indicated in Figure 4.4.4.E and the resulting ODF sections at ф2 = 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) in 500-600m steps across the entire AA6082-T6 SSCFSW DRX for the base region.


	Figure 4.4.4.I shows the ODF sections at ф2 = 0° and ф2 = 45° for 500-600m segments of the OIM after rotation corrections. In this case the texture is very strong with maximum values reaching 18 x random but not as high as the wire filler region. Similar to the wire filler region the ф2 = 0° region no texture was detected in any of ODF segments. For the ф2 = 45° B/ components had strong representation, but no evidence of the C component was demonstrated in any of the ODF sections. The ODF reflects the apparent result from figure 6.6.2.C, which shows the alternating B/components, but shows no evidence of the C component, which is quite apparent in the alternating bands. In this case there appears to be little difference between base and wire filler regions, with exception to slightly stronger texture in the wire filler region, there is no difference between the base and wire regions.
[image: C:\Users\Sam Gascoyne\Desktop\EBSD 6082 (base region - OCT)\Images\Uncorrected\PF\6XBMROT_Overall PF.bmp]
[image: C:\Users\Sam Gascoyne\Desktop\EBSD 6082 (base region - OCT)\Images\Corrected\PF\6BWS(C)_PF-overall.bmp][image: C:\Users\Sam Gascoyne\Desktop\EBSD 6082 (base region - OCT)\Images\Corrected\ODF\ODF crop\6BWS(C)_ODF-overallc.bmp]
Figure 4.4.4.I – The (111) and (011) PFs for the entire EBSD data of the 6082-T6 wire region DRX before rotation correction (A) and after rotation (B). (C) is the ODF sections at ф2= 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) for the rotation corrected data set across the entire DRX.

[bookmark: _Toc404107953]4.4.5 – The crystallographic texture for SSFSW AA6082-T6 butt-welds

	Figure 4.4.5 shows the exact region where the EBSD data was obtained for textural analysis of SSFCSW AA7075-T6 and AA2024-T4. Figures 4.4.5.A and 4.4.5.B shows an OIM of the data obtained from the area analysis, and is coloured on the basis of IPF in relation to the ND of the weld. Both images have corresponding (111) PFs for segments of the map that are approximately 500-600µm wide, and like all other PFs in this thesis they are presented with the ND in the centre and are positioned below each respective map. Figures 6.6.1.B and 6.6.1.C have undergone a transformation from the macroscopic reference axis (WD, TD, ND) to the local shear reference frame axes (θ, z, r). This has been achieved by using the same computer program (see section 4.4.3), with a tilt (β) of 5°, and with a NGrrs of 3800µm and a NGras of 4060µm. Figure 6.6.1.C is based on the texture components B, , and C with have the respective colours of red, yellow and blue and all have a 25° spread. For all three figures the advancing side is on the right side of the map and the retreating side on the left side of the map.
[image: ]
Figure 4.4.5 – The macro-graphic location for the EBSD map acquisition
	Similar to the other AA6082-T6 texture results, the SSFSW sample showed strong texture, with maximum values of 21 x random. While the texture analysed was dominated by <111> texture, from the AS to the weld centre alternating bands of <111> and <001> texture can be seen. From the centre to the RS the presence of alternating bands disappears and instead sporadic patches of <001> can be observed. 
	In terms of PFs the correction difference is easily observable, with the uncorrected PFs (figure 4.4.5.A) showing simple shear but tilted off centre about the TD and steadily rotating around the central ND axis, and the corrected PFs (figure 4.4.5.B) being more central and consistently in the same place. The PFs consistently shows simple shear texture; with strong texture as observed in other AA6082-T6 PFs. The PFs also reflect their relative part of the weld, with strong <111> texture being represented towards the RS and also the representation of alternating <111> and <001> bands towards the AS.



	The final figure 4.4.5.C shows the texture components for B, , and C post transformation of macroscopic reference axis, and the texture components are not easily observable. The aforementioned region towards the advancing side with strong <111> texture shows an even mix of B, , and C texture components. Towards the centre of the weld a low levels of the C component can be detected, and towards the AS the C component becomes more prevalent in the form of alternating bands with B, and .
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Figure 4.4.5.A-C – A) EBSD IPF colouring map before software correction with respect to ND for the base region (see Figure 4.4.5) and below the map (111) pole figures in 500-600 m steps across the whole SSFSW AA6062-T6 DRX. B) IPF colouring map after rotation correction with respect to r direction with the resultant (111) pole figures below the map. C) Texture components map after rotation correction with (red), (yellow), and C (blue).
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Figure 4.4.5.D – A rotated IPF colouring map indicated in Figure 4.4.5.B and the resulting ODF sections at ф2 = 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) in 500-600m steps across the entire AA6082-T6 SSCFSW DRX for the base region.


	In figure 4.4.5.D the ODF sections at ф2 = 0° and ф2 = 45° for 500-600m segments of the OIM after rotation corrections can be observed. It once again reflects strong texture similar to other ODF for AA6082-T6. For the ф2 = 0° region little to no texture was detected for most ODF segments, however, towards the AS strong texture was detected for the C component. Throughout the ф2 = 45° ODF the B/ components were detected, but no evidence of the C component was demonstrated in the ODF sections from the RS to the centre. However, from the centre to the AS the C component is well detected. In general the ODF reflects the results shown in figure 4.4.5.C which demonstrates the C component in the AS but not towards the RS, and the alternating bands of the B/ components.
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Figure 4.4.5.E – The (111) and (011) PFs for the entire EBSD data of the 7075-2024 DRX before rotation correction (A) and after rotation (B). (C) is the ODF sections at ф2= 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) for the rotation corrected data set across the entire DRX.
Summary
	This chapter has given an in depth investigation in the microstructural properties of SSCFSW and SSFSW AA6082-T6. By using optical microscopy, hardness profiles, and EBSD texture analysis, a thorough understanding of the microstructural properties of SSCFSW has been obtained. A new phenomena - the ‘blades’ phenomena - has become apparent, which has a distinct optical and hardness profile within the DRX. However, this effect was not observable in the EBSD results, showing that texture remains unaffected by ‘blades’.


Chapter 5 – The copper tracers
[bookmark: _Toc404107954]5.1 – Introduction
	With research initially carried out on 6082-T6 samples, several questions were raised. These included what happens to the interface boundary between the plates and filler wire, the flow behaviour and distribution of the filler wire, and the flow behaviour of the dynamically recrystallised zone (DRX). In order to investigate these phenomena several copper tracers were used, which consisted of either a thin strip clamped between plates, or a coating on a filler wire. The thin strips were approximately 0.5mm thick and the coating on the wire was approximately 0.1mm thick. Four different samples were investigated; two were SSCFSWelded with the tracer clamped between the vertical and horizontal column, one was SSCFSWelded with the copper coated filler wire only, and one was SSFSWelded for a butt weld were the tracer was clamped between the two abutting plates. Full details of the welds performed are shown below in table 5.1.A:
Table 5.1.A – The different copper tracers and their welds
	Alloy
	Traverse Speed (mm/min)
	Rotation rate (RPM)
	Welding technique
	Tracer type
	Tracer location

	AA6082-T6
	200
	1200
	SSCFSW
	Copper strip (0.5mm)
	Only between vertical and base columns (8mm length)

	AA6082-T6
	200
	1200
	SSCFSW
	Copper strip (0.5mm)
	Between vertical and base column and filler wire (16mm length)

	AA6082-T6
	200
	1200
	SSCFSW
	Copper coated wire (0.1mm)
	Coating on filler wire

	AA6082-T6
	200
	1200
	SSFSW (butt weld)
	Copper strip (0.5mm)
	Between abutting plates at interface (8mm from top to bottom)



[bookmark: _Toc404107955]5.2 – Optical microscopy for the copper tracer strips
	The SSCFSW samples that used copper strips for tracers can be seen in figures 5.2A and 5.2B. The copper can be seen in larger chunks as orange, and in smaller pieces as black. One of the most immediate observations that can be made is how the copper has been distributed. With the welding speed and rotation rate being what they are, finely distributed copper would be expected to be spread across the entire stirred zone; however it is confined to set regions. These ‘copper rich’ regions are at a 45° angle from the horizontal direction and have a banded shape. They are also adjacent to what appear to be copper free zones. The name given to these bands are ‘blades’, and they are restricted to the stir zone. The blades start at the advancing side and end shortly before the retreating side. Another observation is the location of the original interface; it has been distributed both across the stir zone and towards the base, but not vertically.

[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Copper tracers\8mm-DS-Cu-Weld - Final Image.bmp]
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Copper tracers\8mm-DS-Cu-Marked Line.bmp]
Figure 5.2.A – An overall macro-graph of a SSCFSW with an 8mm copper tracer strip, complete image (top) and original tracer location (bottom)
	In both welds with the 8mm long copper strip, 45° vertical lines can be seen where the copper areas meet the filler wire. This is particularly apparent in the second weld, and the start of filler material is also apparent. The effect indicates that there is no upward flow of material, and that the material is more being swept across from advancing side to retreating side during SSCFSW. In the first weld for figure 5.2.A a void is present at the top of vertical column near the retreating side. This because during SSCFSW there was a uptake issue with the filler wire, the result of which caused serious undercutting of the material and consequential voids. However, despite this, some filler wire was used and so the 45° line where the copper meets the filler wire can be seen at less than 1mm from the edge of the rounded corner. Had the wire been consumed properly during the first weld, the first weld would look far more similar to second weld. With all this considered however, even though undercutting and voids occurred, the blade phenomena still took place in both welds, and distinct copper region and tracer regions can still be observed.


[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Copper tracers\16mm-DS-Cu-Weld - Final Image.bmp]
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Copper tracers\16mm-DS-Cu-Marked Line.bmp]
Figure 5.2.B – An overall macro-graph of a SSCFSW with a 16mm copper tracer strip, complete image (top) and original tracer location (bottom)
[bookmark: _Toc404107956]5.3 – Optical microscopy for the copper coated wire
	A macrograph of a SSCFSWeld with copper coated filler wire is shown in figure 5.3.A. In order to well highlight what happens to the copper, the sample was briefly etched with hydrofluoric acid, which makes all the copper in the sample turn black. One of the questions formulated from the first set of copper tracers was where does the filler wire material flow during SSCFSW, and indeed how does the entire material flow during SSCFSW? The tool used for all welds was the same threaded tool which designed to cause a downward flow. However, the copper coated wire demonstrates that no down-flow of material takes place because copper is confined to the top of the stirred region. 
	The second significant phenomena is where the copper is confined to within the stirred zone, it is only observed in the ‘blades’ regions, and distinct gaps between each blade can be seen which appear to be copper free. Additionally, the number of blades within the stirred region - including the larger blade at the base of the weld – meant there are 16 blades in total. The threaded tool has effectively 8 threads from the top of the pin to the base of the pin, thus given the drastic effect that tool design has on the stirred region, it can be postulated that the blades phenomena are linked to the number of threads on a tool and its interaction with the material during welding.
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Copper tracers\copertracerwire scalebar.bmp]
Figure 5.3.A – A SSCFSW with copper coated filler wire, etched black with hydrofluoric acid


[bookmark: _Toc404107957]5.4 – Optical Microscopy of the SSFSW butt weld with copper strips
	Figure 5.4.A shows an overall macrograph of a SSFSW butt weld after etching with HF, which had a 0.5mm thick copper tracer placed between the columns before welding. Extremely similar parallels can be drawn with this and the other copper tracer samples. Once again copper has been confined into blade regions which stretch from the advancing side to the retreating side. Also, the copper rich blades have distinctive spaces between them that appear to be copper free. Therefore, the blades phenomena is not exclusive to SSCFSW, but more a result of using a stationary shoulder and have predominantly tool pin driven FSW. 
	A secondary effect that is far more apparent in the butt weld than the other copper tracer FSWelds is the circular banding that appears within the blades. By looking at the largest blade towards the base, a series of rings that are formed around the near middle of the blade can be seen. These rings can be seen in the other blades as well, but frequently only a certain section of the rings can be seen with in the blades. By looking at the overall blades, despite the gaps between them, there appears to be an overall circular banding not unlike onion rings [Krishnan 2002].
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Figure 5.4.A – An overall macrograph of a SSFSW butt weld with a copper tracer placed between the interface of the 2 columns (top), and the original location of the copper strip (bottom)
[bookmark: _Toc404107958]5.5 – SEM and EDAX analysis
	While the macrographs indicated the existence of copper dispersions around certain confined regions within the stirred zone, it could be argued that extremely fine dispersions could found in the non-blade regions that are too small to be detected optically. In order to validate the exclusive confinement of copper within the blades, SEM analysis and consequential EDAX analysis was required. EDAX is an analysis technique that is built into Inspect F that allows for the detection of different atomic elements within a material. It is by this technique that the true location of copper can be established, and even very tiny traces will be detected.
[image: ]
Figure 5.5.A – The overall macrograph of the sample that was analysed, as placed in the SEM.
[image: ]
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Copper tracers\SEM and EDAX analysis\First Site Analysis - Progression of focus.bmp]
Figure 5.5.B – The initial location for analysis (top left), and the progression of magnification to the first area to be analysed – called site 1.
	For site 1 a total of 9 points had EDAX performed on them, point 1 was on a site expected to be pure copper, points 2,4,5, and 6 were expected to be copper free, and points 3,7,8, and 9 were expected to contain a certain amount of copper. The results in table 5.5.A proved categorically that this was the case, with copper free points detecting no copper, and the copper rich points detecting variable amounts of copper. Even at high magnification (200µm) the copper free and copper rich zones are very distinct and have a rapid transition from one to another.

[image: ]
Figure 5.5.C – The 9 points that were analysed using EDAX for site 1
Table 5.5.A – Percentage copper and aluminium detected by using EDAX for site 1, full EDAX plots can be seen in Appendix B
	Point Number
	Peak Intensity of copper (%)
	Peak intensity of aluminium (%)

	1
	100
	0

	2
	0
	100

	3
	20
	100

	4
	0
	100

	5
	0
	100

	6
	0
	100

	7
	20
	100

	8
	50
	100

	9
	30
	100



[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Copper tracers\SEM and EDAX analysis\Second Site Analysis - Initial location.bmp]
Figure 5.5.D – The initial location for analysis – called site 2.
	Site two was investigated because it was the last and largest of the blades, and once again demonstrated that the copper free and copper rich zones were as appeared (see table 5.5.B) and has a sharp transition from one to another. Points 1-4 showed various regions that appeared to be copper free and were confirmed as being so, and points 5-8 showed what appeared to be copper rich regions, and were confirmed as being so.
[image: ]
Figure 5.5.E – The 8 points that were analysed using EDAX for site 2
Table 5.5.B – Percentage copper and aluminium detected by using EDAX for site 2, full EDAX plots can be seen in Appendix B
	Point Number
	Peak Intensity of copper (%)
	Peak intensity of aluminium (%)

	1
	0
	100

	2
	0
	100

	3
	0
	100

	4
	0
	100

	5
	20
	100

	6
	20
	100

	7
	10
	100

	8
	20
	100



[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Copper tracers\SEM and EDAX analysis\Third Site Analysis - Initial loaction.bmp]
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Copper tracers\SEM and EDAX analysis\Third Site Analysis - Progression of focus.bmp]
Figure 5.5.F – The initial location for analysis (top left), and the progression of magnification to the first area to be analysed – called site 3.
	Site three was selected because it showed a small distinct region between two blades that could be potentially copper three. It was important to demonstrate a sharp transition between the blade and non-blade regions. It was also selected because there are several regions which appear to be copper free but are surrounded by a copper rich area, if the regions are as they appear, then a sharp transition between blades and non-blades regions will be further confirmed. The EDAX results are shown in table 5.5.C, and even over a small area, the zones are distinct and transitions between them sharp. Point 2, which is enclosed around a copper rich region still maintains copper free properties.
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Copper tracers\SEM and EDAX analysis\Third Site Analysis - The points of analysis.bmp]
Figure 5.5.G – The 7 points that were analysed using EDAX for site 3
Table 5.5.C – Percentage copper and aluminium detected by using EDAX for site 2, full EDAX plots can be seen in Appendix B
	Point Number
	Peak Intensity of copper (%)
	Peak intensity of aluminium (%)

	1
	0
	100

	2
	0
	100

	3
	40
	100

	4
	30
	100

	5
	0
	100

	6
	10
	100

	7
	100
	20




[bookmark: _Toc404107959]5.6 - The blades phenomena
Several conclusions can be drawn from the copper tracers:
1. The vast majority of flow behaviour takes places around the tool, and there appears to be little to none downward flow.
2. Within the nugget two distinctive zones appear, the ‘blade’ and the ‘non-blade’ regions.
3. The blade and non-blade regions have distinct regions and have sharp transitions from one to another
4. The conditions of welding and the tool design cause copper to be preferentially distributed into the blade regions
5. The threads on the FSW tool have a significant effect on blades phenomena



Chapter 6 – The SSCFSW of various materials
[bookmark: _Toc404107960]6.1 – Introduction
	In this chapter the results from the AA5083-O, and AA7075-AA2014, samples will be presented and discussed. In total four welds were investigated, all of which were using SSCFSW, but for the 7xxx-2xxx series sample they varied in the filler material techniques. The traverse speeds vary for all three SSCFSW samples, but in all cases the same tool pin is used. The shoulder design and clamps did vary depending on whether the AdstirTM or filleted technique was employed. A series of macro-graphs, hardness measurements, EBSD texture maps were made for the welds. Table 4.1 gives details of the different welds and their parameters
Table 6.1.A – The different 6xxx series welds and their distinctive parameters
	Alloy
	Traverse Speed (mm/min)
	Rotation rate (RPM)
	Filler material technique
	Filler material

	AA5083-O
	125
	1000
	Adstir
	AA5083-O

	AA7075-T6-AA2024-T4
	125
	1000
	Adstir
	AA7075-T6

	AA7075-T6-AA2014-T4
	50
	600
	Fillet
	AA7075-T6

	AA7075-T6-AA2014-T4
	125
	600
	Fillet
	AA7075-T6



[bookmark: _Toc404107961]6.2 – Optical microscopy
[bookmark: _Toc404107962]6.2.1 - Optical Macrographs for the 7xxx-2xxx series AdstirTM and fillet techniques
	In figures 6.2.1.A-C macrographs of the 7xxx-2xxx series SSCFSWelds can be seen. The fillet welds were varied in traverse speeds in order to vary energy input, and the AdstirTM weld was used as a basis of comparison, and while it does not have the same processing parameters as the other welds it has an equivalent energy input. In every case the horizontal base column is made from AA2014-T4 or AA2024-T4, and in every case the vertical column is made from the harder AA7075-T6.
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Optical Microscopy\7075-2014 50mm-min.jpg]
Figure 6.2.1.A – An overall macrograph of AA7075-AA2014 with traverse speed 50mm/min (courtesy of TWI)
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Optical Microscopy\7075-2014 125mm-min.jpg]
Figure 6.2.1.B – An overall macrograph of AA7075-AA2014 with traverse speed 125mm/min (courtesy of TWI)
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Optical Microscopy\Macrograph Adstir.bmp]
Figure 6.2.1.C – An overall macrograph of AA7075-AA2024 with traverse speed 125mm/min 
	The macrographs show a great deal of similarity to other macrographs produced for the 6xxx series samples. These similarities can be seen in terms of the advancing and retreating sides, where for the advancing side there is a sharp transition from the base material to the stirred zone, and gradual transitions for the retreating side. The other similarity is the appearance of ‘blades’ in the nugget, with them starting on the advancing side and ending just before the retreating side. From an optical point of view there appears to be little difference between the AdstirTM technique and Filleted technique. Fundamentally both undergo very significant mechanical deformation and post weld ironing at the surface, so the initial shape of the filler material seems irrespective to the overall process. Thus, besides the slight differences in appearance of the base and vertical columns – due to difference in material type – there are no significant differences optically in the 7xxx-2xxx series samples to that of the 6xxx series samples.


[bookmark: _Toc404107963]6.2.2 – The 5083 macrograph
	Figure 6.2.2.A shows a macrograph of 5083-O after SSCFSW. It shows the same similarity of blade and non-blade regions within the stirred region, just like all the other SSCFSWelds. Once again the blades streak across the traverse direction starting from the advancing side and sharply ending before the retreating side. With 4 different materials now tested, including a wrought and heat treated alloys, it is reasonable to conclude the blades phenomena is not a result of the material used, but indeed that nature of the SSCFSW process.
[image: ]
Figure 6.2.2.A – An overall macrograph for 5083-O


[bookmark: _Toc404107964]6.3 – Optical Weld transitions
[bookmark: _Toc404107965]6.3.1 - The 7xxx-2xxx series samples
	Figure 6.3.1.A shows several points of interest for the second SSCFSW of AA7075-AA2024, which has not been welded over. Images 6 and 10 show the respective advancing and retreating sides of the weld, images 2-5 and 7- 9 show the blade and non-blade regions, and image 1 shows the interface between the base area HAZ and the DRX. Noticeably the conventional FSW characteristics can be observed, such as the advancing and retreating side, but also the presence of blade and non-blade regions are clearly present. Most interestingly, besides differences between shading and precipitate sizes, the grains in the blade and non-blade regions are a similar size.
[image: ]
Figure 6.3.1.A – Overall macrograph of the second SSCFSW for AA7075-AA2024, with areas marked which have been analysed at higher magnification
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Optical Microscopy\Adstir\BtoT001.jpg]
Figure 6.3.1.B – Area 1 in figure 6.3.1.A, showing the transition from the HAZ (bottom) to TMAZ (centre) to DRX (top)
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Optical Microscopy\Adstir\BtoT002.jpg]
Figure 6.3.1.C – Area 2 in figure 6.3.1.A, showing the blade (darker) and non-blade (lighter) regions

[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Optical Microscopy\Adstir\BtoT003.jpg]
Figure 6.3.1.D – Area 3 in figure 6.3.1.A, showing the blade (darker) and non-blade (lighter) regions
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Optical Microscopy\Adstir\BtoT004.jpg]
Figure 6.3.1.E– Area 4 in figure 6.3.1.A, showing the blade (darker) and non-blade (lighter/purple) regions

[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Optical Microscopy\Adstir\BtoT005.jpg]
Figure 6.3.1.F – Area 5 in figure 6.3.1.A, showing the blade region near the surface of the weld

[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Optical Microscopy\Adstir\LtoR001.jpg]
Figure 6.3.1.G – Area 6 in figure 6.3.1.A, showing the transition from the HAZ (right) to TMAZ (centre) to DRX (top-left)

[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Optical Microscopy\Adstir\LtoR002.jpg]
Figure 6.3.1.H – Area 7 in figure 6.4.1.A, showing the blade region

[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Optical Microscopy\Adstir\LtoR003.jpg]
Figure 6.3.1.I – Area 8 in figure 6.3.1.A, showing the blade (darker) and non-blade (lighter) regions

[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Optical Microscopy\Adstir\LtoR004.jpg]
Figure 6.3.1.J – Area 9 in figure 6.3.1.A, showing the blade (lighter) and non-blade (dark orange) regions
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Optical Microscopy\Adstir\LtoR005.jpg]
Figure 6.3.1.K – Area 10 in figure 6.3.1.A, showing the HAZ on the retreating side


[bookmark: _Toc404107966]6.3.2 – The 5083-O samples
	Figure 6.3.2.A shows several points of interest for the second SSCFSW of AA5083-O, which has not been welded over. Images 1 and 6 show the respective advancing and retreating sides of the weld, images 2-5 and 6-10 show the blade and non-blade regions, and image 7 shows the interface between the base area HAZ and the DRX. Noticeably the conventional FSW characteristics can be observed, such as the advancing and retreating side, but also the presence of blade and non-blade regions are clearly present. Most interestingly, besides differences between shading and precipitate sizes, the grains in the blade and non-blade regions are a similar size. As is the case with all SSCFSW the samples proved exceptionally difficult to etch and is reflected in their quality.
[image: ]
Figure 6.3.2.A – Overall macrograph of the second SSCFSW for AA5083-O, with areas marked which have been analysed at higher magnification
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\5083-O - Optical Microscopy\Weld transitions\Post processing\5xxx 001.bmp]
Figure 6.3.2.B – Area 1 in figure 6.3.2.A, showing the transition from the HAZ (right) to TMAZ (centre) to DRX (left)
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\5083-O - Optical Microscopy\Weld transitions\Post processing\5xxx 002.bmp]
Figure 6.3.2.C – Area 2 in figure 6.3.2.A, showing the blade (lighter) and non-blade (darker) regions
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\5083-O - Optical Microscopy\Weld transitions\Post processing\5xxx 003.bmp]
Figure 6.4.1.D – Area 3 in figure 6.3.2.A, showing the blade (lighter) and non-blade (darker) regions
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\5083-O - Optical Microscopy\Weld transitions\Post processing\5xxx 004.bmp]
Figure 6.4.1.E – Area 4 in figure 6.3.2.A, showing the blade (lighter) and non-blade (darker) regions
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\5083-O - Optical Microscopy\Weld transitions\Post processing\5xxx 005.bmp]
Figure 6.3.2.F – Area 5 in figure 6.3.2.A, showing the blade (lighter) and non-blade (darker) regions
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\5083-O - Optical Microscopy\Weld transitions\Post processing\5xxx 006.bmp]
Figure 6.3.2.G – Area 6 in figure 6.3.2.A, showing the transition from the HAZ (left) to the TMAZ (right)
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\5083-O - Optical Microscopy\Weld transitions\Post processing\5xxx 008.bmp]
Figure 6.3.2.H – Area 7 in figure 6.3.2.A, showing the transition from the HAZ (bot) to the TMAZ (centre) to the DRX (top)
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\5083-O - Optical Microscopy\Weld transitions\Post processing\5xxx 009.bmp]
Figure 6.3.2.I – Area 8 in figure 6.3.2.A, showing the blade (darker) and non-blade (lighter) regions
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\5083-O - Optical Microscopy\Weld transitions\Post processing\5xxx 010.bmp]
Figure 6.3.2.J – Area 9 in figure 6.3.2.A, showing the blade (lighter) and non-blade (darker) regions
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\5083-O - Optical Microscopy\Weld transitions\Post processing\5xxx 012.bmp]
Figure 6.3.2.K – Area 10 in figure 6.3.2.A, showing the blade (lighter) and non-blade (darker) regions

[bookmark: _Toc404107967]6.4 – Hardness maps
[bookmark: _Toc404107968]6.4.1 The 7xxx-2xxx series samples
[image: ]
Figure 6.4.1.A – A hardness map for 7075-2014 at traverse speed 50mm/min
[image: ]
Figure 6.4.1.B – A hardness map for 7075-2014 at traverse speed 125mm/min
[image: ]
Figure 6.4.1.C – A hardness map for 7075-2024 at traverse speed 125mm/min


[bookmark: _Toc404107969]6.4.2 - The 7xxx-2xxx series hardness overlays
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Hardness maps and overlays\Hardness- overlay 7075-2014 50mm-min.jpg]
Figure 6.4.2.A – A hardness overlay for 7075-2014 at a traverse speed of 50 mm/min
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Hardness maps and overlays\Hardness- overlay 7075-2014 125mm-min.jpg]
Figure 6.4.2.B – A hardness overlay for 7075-2014 at a traverse speed of 125 mm/min
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Hardness maps and overlays\Adstir 7-2 Hardness Overlay.bmp] Figure 6.4.2.C – A hardness overlay for 7075-2024 at a traverse speed of 125 mm/min
	The hardness profiles tell a lot about the similarities and differences between 6xxx series and 7xxx-2xxx series samples. The heat affected zones are still there as shown by a loss of hardness around the stirred region, and they have similar shape. However, the starkest contrast is the apparent strength of the blades. In the 6xxx samples, the blades showed a distinct loss of strength, particularly towards the base region; however the opposite is true for the 7xxx-2xxx series samples, where higher hardness is found in the blades than other parts of the stirred zone.
	In all cases the highest hardness within the stirred region is towards the top of the weld, which may be related to the fact that filler material for both the filleted and AdstirTM is AA7075. On average the 7075-T6 material is harder than the 2014-T4 and 2024-T4 material, and so with a mixed weld region the areas that are predominantly 7075-T6 should appear harder than the other parts of the weld. Another point of consideration is the non-blade region, which frequently shows much lower hardness than the blade region, almost equivalent hardness to the HAZ. 
	It was previously discussed in chapter 5 about copper tracers that the blade region has a different flow pattern to that of the non-blade region and that certain materials may preferentially flow into that region. In this case it is likely that the 7075-T6 material is flowing into the blade region and is the source of their hardness, but also retains or gains most of its strength post welding. In order to categorically prove this however, an SEM analysis is essential in order to atomically confirm a difference between the two materials.

[bookmark: _Toc404107970]6.4.3 – The 5083-O hardness maps
[image: ]
Figure 6.4.3.A – A hardness map for AA5083-0 at traverse speed 125 mm/min
[bookmark: _Toc404107971]6.4.4 – The 5083-O hardness overlays
[image: ]
Figure 6.4.4 – A hardness overlay for 5083-0 at a traverse speed of 125 mm/min
	The increase in hardness observed for the 5083-O sample is exactly what would be expected for a FSW “0” tempered sample. The hardness has increased from 70HV in the base material to a maximum of 95HV within the DRX of the weld. The hardness profile is relatively uniform across the second weld, with no clear distinction between blade and non-blade regions. For the first weld the hardness is slightly less towards the top part of the DRX, however, with a difference of less than 5HV between the top and bottom of the weld region, this difference is negligible. In this case the blade and non-blade regions are not apparent, indicating that hardness is independent of this phenomenon. This result is also not unexpected, as differences in alloy composition and its consequential precipitation hardness has been attributed to the blades effect. As the slight recovery in hardness for FSW “O” condition aluminium alloys has been accounted for with grain refinement within the DRX, which is observed here in the SSFCSW 5083-O sample.


[bookmark: _Toc404107972]6.5 – SEM and EDAX for the 7075-2024 samples
[bookmark: _Toc404107973]6.5.1 – First site of SEM and EDAX analysis
[image: C:\Users\Sam Gascoyne\Dropbox\Thesis Writing\Results\7xxx-2xxx Site of SEM analysis.bmp]
Figure 6.5.1.A – The macrograph site of analysis (Site 1)
[image: C:\Users\Sam Gascoyne\Dropbox\Thesis Writing\Results\7xxx-2xxx SEM analysis - Progression of focus.bmp]
Figure 6.5.1.B – Progressive focus of Site 1 using SEM

[image: C:\Users\Sam Gascoyne\Dropbox\Thesis Writing\Results\7xxx-2xxx EDAX points - non-blade precipitates.bmp]
Figure 6.5.1.C – The EDAX points in the non-blade regions for precipitates
[image: C:\Users\Sam Gascoyne\Dropbox\Thesis Writing\Results\7xxx-2xxx EDAX points - non-blade base material.bmp]
Figure 6.5.1.D – The EDAX points in the non-blade regions for base material
[image: C:\Users\Sam Gascoyne\Dropbox\Thesis Writing\Results\7xxx-2xxx EDAX points - blade base precipitates.bmp]
Figure 6.5.1.E – The EDAX points in the blade regions for the precipitates
[image: C:\Users\Sam Gascoyne\Dropbox\Thesis Writing\Results\7xxx-2xxx EDAX points - blade base.bmp]
Figure 6.5.1.F – The EDAX points in the blade regions for base material
Table 6.5.1 – All the site 1 points and their peak intensities for elements detected during EDAX, where non-blade precipitates are in red, non-blade base material are in orange, blade precipitates are in blue, and blade base material is in green.
	Point No.
	Al Peak Intensity (%)
	Cu Peak Intensity (%)
	O Peak Intensity (%)
	C Peak Intensity (%)
	Fe Peak Intensity (%)
	Zn Peak Intensity (%)
	Mg Peak Intensity (%)

	1
	100
	75
	4
	5
	0
	0
	0

	2
	100
	100
	4
	4
	0
	0
	0

	3
	100
	95
	4
	3
	0
	0
	0

	4
	95
	100
	4
	3
	0
	0
	0

	5
	100
	3
	2
	0
	0
	0
	0

	6
	100
	2
	2
	0
	0
	0
	0

	7
	100
	3
	2
	0
	0
	0
	0

	8
	100
	2
	2
	0
	0
	0
	0

	9
	100
	10
	0
	0
	10
	0
	0

	10
	100
	10
	6
	0
	10
	0
	0

	11
	100
	10
	0
	0
	10
	0
	0

	12
	100
	6
	2
	2
	11
	0
	0

	13
	100
	0
	2
	0
	0
	7
	4

	14
	100
	0
	0
	0
	0
	4
	4

	15
	100
	0
	2
	0
	0
	4
	4

	16
	100
	0
	4
	0
	0
	5
	4



[bookmark: _Toc404107974]6.5.2 – The second site for SEM and EDAX
[image: C:\Users\Sam Gascoyne\Dropbox\Thesis Writing\Results\7xxx-2xxx Second Site of SEM analysis.bmp]
Figure 6.5.2.A – The macrograph site of analysis (Site 2)
[image: C:\Users\Sam Gascoyne\Dropbox\Thesis Writing\Results\7xxx-2xxx Second Site - progression of focus.bmp]
Figure 6.5.2.B – The progressive focus of site 2

[image: C:\Users\Sam Gascoyne\Dropbox\Thesis Writing\Results\7xxx-2xxx Second Site - non-blade precipitates.bmp]
Figure 6.5.2.C – The EDAX points for precipitates in the non-blade region
[image: C:\Users\Sam Gascoyne\Dropbox\Thesis Writing\Results\7xxx-2xxx Second Site - blade1 precipitates.bmp]
Figure 6.5.2.D – The EDAX points for precipitates in the blade region
[image: C:\Users\Sam Gascoyne\Dropbox\Thesis Writing\Results\7xxx-2xxx Second Site - non-blade base material.bmp]
Figure 6.5.2.E – The EDAX points for the base material in the non-blade region
[image: C:\Users\Sam Gascoyne\Dropbox\Thesis Writing\Results\7xxx-2xxx Second Site - blade base material.bmp]
Figure 6.5.2.F – The EDAX points for the base material in the blade region
Table 6.5.2 – All site 2 points 2 and their peak intensities for elements detected during EDAX, where non-blade precipitates are in red, non-blade base material are in orange, blade precipitates are in blue, and blade base material is in green.
	Point No.
	Al Peak Intensity (%)
	Cu Peak Intensity (%)
	O Peak Intensity (%)
	C Peak Intensity (%)
	Fe Peak Intensity (%)
	Zn Peak Intensity (%)
	Mg Peak Intensity (%)

	1
	90
	100
	10
	15
	0
	0
	0

	2
	100
	100
	0
	0
	0
	0
	0

	3
	100
	100
	0
	0
	0
	0
	0

	4
	100
	10
	6
	0
	13
	0
	0

	5
	100
	5
	5
	0
	9
	0
	1

	6
	100
	10
	5
	0
	15
	0
	0

	7
	100
	6
	4
	0
	6
	0
	0

	8
	100
	10
	5
	0
	0
	0
	5

	9
	100
	4
	4
	0
	0
	0
	0

	10
	100
	5
	5
	0
	0
	0
	0

	11
	100
	5
	0
	0
	0
	0
	0

	12
	100
	0
	3
	0
	0
	5
	4

	13
	100
	0
	0
	0
	0
	10
	5

	14
	100
	0
	0
	0
	0
	7
	5

	15
	100
	0
	0
	0
	0
	4
	4




[bookmark: _Toc404107975]6.5.3 – Results interpretation and discussion
	The main reason for the SEM and EDAX of the blade and non-blade regions for 7075-2014; was to ascertain if there was a distinct chemical difference between blade and non-blade regions. The results determined two distinct chemical differences in terms precipitation mechanisms for the blade and non-blade regions. The blade region precipitates were Al, Cu and Fe rich, whereas the non-blade region precipitates were only Al and Cu rich. It is worth noting that the chemical composition for the main precipitates in 7075-T6 are Al7Cu2Fe, and for 2024-T4 it is Al2Cu [ASM handbook, 2005]. Thus, in terms of precipitates, the blades regions are the same as the 7075-T6 and the non-blade region is the same as 2014-T4. 
	Then there is the base material, i.e. not precipitates, which also show similarity to the starting materials. The main alloying elements for 7075-T6 are Mg and Zn, and for 2014-T4 it is Cu. Once again the blades region shows similarity to 7075 with the main elements detected being Al, Mg, and Zn, and the non-blade region mainly has Al and Cu. Therefore, another conclusion can be drawn, the blades region is 7075-T6, and non-blades region is 2014, and this process at these parameters causes little to no alloy intermixing. Moreover, the blades phenomena can be partially described as the vertical column and filler material interlocking with the horizontal column in a complex shape as a result of tool design and process parameters.
	It was established in chapters 4 and 5 that the blades phenomena is not dependent on corner filler, as SSFSW butt welds do not have filler material or are performed at a corner, but still have blades. It was also noted that the copper tracers preferentially enter the blades region, thus the tool design and processing parameters for SSFSW cause material to preferentially deposit in blade and non-blade regions. This is again observed here with the 7075-2014 sample, where 7075 fills the blades region and the 2014 fills the non-blades region. This effect it some ways is expected as the vertical column and filler is made of AA7075, and so the advancing side of the weld would drag across AA7075 and then due to the tools threads deposit it in the manner observed in the welds. In turn, the retreating side – which is predominantly 2014 – would be dragged back behind the weld. Thus the DRX shows the complex interlocking of the vertical and horizontal columns, with the vertical material confined to the blade region, and the horizontal material confined to the non-blade region.


[bookmark: _Toc404107976]6.6 – EBSD and crystallographic texture
[bookmark: _Toc404107977]6.6.1 – The 7075-2024 AdstirTM sample

	Figure 6.6.1 shows the exact region where the EBSD data was obtained for textural analysis of SSFCSW AA7075-T6 and AA2024-T4. Figures 6.6.1.A and 6.6.1.B shows an OIM of the data obtained from the area analysis, and is coloured on the basis of IPF in relation to the ND of the weld. Both images have corresponding (111) PFs for segments of the map that are approximately 500-600µm wide, and like all other PFs in this thesis they are presented with the ND in the centre and are positioned below each respective map. Figures 6.6.1.B and 6.6.1.C have undergone a transformation from the macroscopic reference axis (WD, TD, ND) to the local shear reference frame axes (θ, z, r). This has been achieved by using the same computer program (see section 4.4.3), with a tilt (β) of 5°, and with a NGrrs of 3675µm and a NGras of 4098µm. Figure 6.6.1.C is based on the texture components B, , and C with have the respective colours of red, yellow and blue and all have a 25° spread. For all three figures the advancing side is on the right side of the map and the retreating side on the left side of the map.
[image: ]
Figure 6.6.1 – A macro-graphic overview of the AA7075-AA2024 AdstirTM sample showing the location of the EBSD map acquisition area highlighted in red 
	The texture analysis produced some of the weakest textural results for this sample, and it also had the lowest index rate of 53%. The uncorrected IPF shows dominant <111> texture towards the retreating side of the weld, but towards the centre of the weld region a diagonal band sweeps across from top to bottom that has no strong texture towards the top, and slight prevalence of <001> texture. A second diagonal sweeping band similar to the first ends just before the AS, and a small region of strong <111> texture can again be detected. After the transformation corrections the <001> texture becomes far more visible and the <111> is less apparent but still present.
	In terms of PFs the correction difference is easily observable, with the uncorrected PFs (figure 6.6.2.A) showing simple shear but tilted off centre about the TD and steadily rotating around the central ND axis, and the corrected PFs (figure 6.6.2.B) being more central and consistently in the same place. The PFs consistently shows simple shear texture; however the texture is the weakest of all the EBSD results with maximum high values being 3.6x more than random and minimum high values being 1.8x more than random. The PFs also reflect their relative part of the weld, with strong <111> texture being represented towards the RS but far weaker a representation towards the AS.


	The final figure 6.6.2.C shows the texture components for B, , and C post transformation of macroscopic reference axis, and the texture components are not easily observable. The aforementioned region towards the advancing side with strong <111> texture shows an even mix of B, , and C texture components. Towards the centre of the weld a low level of three texture components can be detected in an even distribution, and towards the AS the C component becomes more prevalent. 
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Figure 6.6.1.A-C – A) EBSD IPF colouring map before software correction with respect to ND for the base region (see figure 6.6.1) and below the map (111) pole figures in 500-600 m steps across the whole AA7075-AA2024 FS weld NG. B) IPF colouring map after rotation correction with respect to r direction with the resultant (111) pole figures below the map. C) Texture components map after rotation correction with (red), (yellow), and C (blue).
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Figure 6.6.1.D – A rotated IPF colouring map indicated in Figure 6.6.1.B and the resulting ODF sections at ф2 = 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) in 500-600m steps across the entire AA7075-AA2014 SSCFSW DRX.


	In figure 6.6.1.D the ODF sections at ф2 = 0° and ф2 = 45° for 500-600m segments of the OIM after rotation corrections can be observed. It once again reflects that fact that texture is very weak with the strongest texture lines only being 4x random – only occurring once in 16 ODF segments. For the ф2 = 0° region little to no texture was for most ODF segments, however, for the few that did, A1* and A2* texture was detected. For the ф2 = 45° B/ components were detected, but no evidence of the C component was demonstrated in any of the ODF sections. The ODF contrasts the apparent result from figure 6.6.1.C, which doesn’t strongly show the  component, and indicates the presence of the C component.
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[image: C:\Users\Sam Gascoyne\Desktop\EBSD 7075-2024\Images\Corrected PF\72XSTR(C)_PF_overall.bmp][image: ]
Figure 6.6.1.E – The (111) and (011) PFs for the entire EBSD data of the 7075-2024 DRX before rotation correction (A) and after rotation (B). (C) is the ODF sections at ф2= 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) for the rotation corrected data set across the entire DRX.

[bookmark: _Toc404107978]6.6.2 – The 7075-2014 filleted sample

	Figure 6.6.2 shows the exact region where the EBSD data was obtained for textural analysis of SSFCSW AA7075-T6 and AA2014-T4. Figures 6.6.2.A and 6.6.2.B shows an OIM of the data obtained from the area analysis, and is coloured on the basis of IPF in relation to the ND of the weld. Both images have corresponding (111) PFs for segments of the map that are approximately 500-600µm wide, and like all other PFs in this thesis they are presented with the ND in the centre and are positioned below each respective map. Figures 6.6.2.B and 6.6.2.C have undergone a transformation from the macroscopic reference axis (WD, TD, ND) to the local shear reference frame axes (θ, z, r). This has been achieved by using the same computer program (see section 4.4.3), with a tilt (β) of 5°, and with a NGrrs of 4260µm and a NGras of 4750µm. Figure 6.6.2.C is based on the texture components B, , and C with have the respective colours of red, yellow and blue and all have a 25° spread. For all three figures the advancing side is on the right side of the map and the retreating side on the left side of the map.
[image: ]
Figure 6.6.2 – A macro-graphic overview of the AA7075-AA2024 fillet sample showing the location of the EBSD map acquisition area highlighted in red 
	The texture analysis had a good hit rate of 70% indexing. The uncorrected IPF shows dominant <111> texture throughout the weld DRX, with some traces of <110> and <001> texture. After the transformation corrections there is little change in texture with only slight increase in the prevalence of <111> texture, and a slight decrease in the presence of <110> and <001> texture.


	In terms of PFs the correction difference is easily observable, with the uncorrected PFs (figure 6.6.2.A) showing simple shear but tilted off centre about the TD and steadily rotating around the central ND axis, and the corrected PFs (figure 6.6.2.B) being more central and consistently in the same place. The PFs consistently shows simple shear texture; however the texture is not strong with maximum high values being 6x more than random and minimum high values being 2x more than random. The PFs also reflect their relative part of the weld, with <111> texture being represented throughout the DRX. The final figure 6.6.2.C shows the texture components for B, , and C post transformation of macroscopic reference axis, and the texture components are not easily observable. The entire DRX texture shows an even mix of B, , and C texture components. 
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Figure 6.6.2.A-C – A) EBSD IPF colouring map before software correction with respect to ND for the base region (see figure 6.6.2) and below the map (111) pole figures in 500-600 m steps across the whole AA7075-AA2014 FS weld NG. B) IPF colouring map after rotation correction with respect to r direction with the resultant (111) pole figures below the map. C) Texture components map after rotation correction with (red), (yellow), and C (blue).
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Figure 6.6.2.D – A rotated IPF colouring map indicated in Figure 6.6.2.B and the resulting ODF sections at ф2 = 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) in 500-600m steps across the entire AA7075-AA2014 SSCFSW DRX.


	In figure 6.6.2.D the ODF sections at ф2 = 0° and ф2 = 45° for 500-600m segments of the OIM after rotation corrections can be observed. It once again reflects that fact that texture is weak with the strongest texture lines only being 6x random – only occurring twice in 16 ODF segments. For the ф2 = 0° region little to no texture was for most ODF segments, however, for the few that did, A1* and A2* texture was detected. For the ф2 = 45° B/ components were detected, some evidence of the C component was demonstrated in 3 of the ODF sections. The ODF contrasts the apparent result from figure 6.6.2.C, which doesn’t strongly show the  component, and indicates the presence of the C component.
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Figure 6.6.1.E – The (111) and (011) PFs for the entire EBSD data of the 7075-2024 DRX before rotation correction (A) and after rotation (B). (C) is the ODF sections at ф2= 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) for the rotation corrected data set across the entire DRX.

[bookmark: _Toc404107979]6.6.3 – The 5083-O samples

	Figure 6.6.3 shows the exact region where the EBSD data was obtained for textural analysis of SSFCSW AA5083-O. Figures 6.6.3.A and 6.6.3.B shows an OIM of the data obtained from the area analysis, and is coloured on the basis of IPF in relation to the ND of the weld. Both images have corresponding (111) PFs for segments of the map that are approximately 500-600µm wide, and like all other PFs in this thesis they are presented with the ND in the centre and are positioned below each respective map. Figures 6.6.3.B and 6.6.3.C have undergone a transformation from the macroscopic reference axis (WD, TD, ND) to the local shear reference frame axes (θ, z, r). This has been achieved by using the same computer program (see section 4.4.3), with a tilt (β) of 5°, and with a NGrrs of 3820µm and a NGras of 4627µm. Figure 6.6.3.C is based on the texture components B, , and C with have the respective colours of red, yellow and blue and all have a 25° spread. For all three figures the advancing side is on the right side of the map and the retreating side on the left side of the map.
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6.6.3 - A macro-graphic overview of the AA5083-O fillet sample showing the location of the EBSD map acquisition area highlighted in red
	While for both IPF coloured maps there is a clear and dominant <111> texture, it is relatively weak, and even after correction for figure 6.6.3.B the texture doesn’t significantly improve. It is worth noting that towards the advancing side there is marginal increase in the <001> texture, but it still remains <111> dominated. In terms of PFs the correction difference is easily observable, with the uncorrected PFs (figure 6.6.3.A) showing simple shear but tilted off centre about the TD and steadily rotating around the central ND axis, and the corrected PFs (figure 6.6.3.B) being more central and consistently in the same place. The PFs consistently shows simple shear texture, however the texture is relatively weak with maximum high values being 5x more than random and minimum high values being 2x more than random.




	The final figure 6.6.3.C shows the texture components for B, , and C post transformation of macroscopic reference axis, and unlike the IPF of the other two OIM, banding can be observed. It’s clear that  (yellow), is the dominant component with B and C distributed in similar amounts across the map. Furthermore, the B and C components appear to make up the banded regions in between the  bands. The alternating  and B-C bands are only clear towards the centre of the weld region; both sets become far less clear towards the RS and AS. The bands are slightly more sharp and thinner towards the AS and slightly more coarse and wider towards the RS.
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Figure 6.6.3.A-C – A) EBSD IPF colouring map before software correction with respect to ND for the base region (see Figure X) and below the map (111) pole figures in 500-600 m steps across the whole AA5083 FS weld NG. B) IPF colouring map after rotation correction with respect to r direction with the resultant (111) pole figures below the map. C) Texture components map after rotation correction with (red), (yellow), and C (blue).
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Figure 6.6.3.D – A rotated IPF colouring map indicated in Figure 6.6.3.B and the resulting ODF sections at ф2 = 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) in 500-600m steps across the entire AA5083-O SSCFSW DRX.



	In figure 6.6.3.D the ODF sections at ф2 = 0° and ф2 = 45° for 500-600m segments of the OIM after rotation corrections can be observed. Similar to the figures 6.6.1.A-D it once again reflects that fact that texture is very weak with the strongest texture lines only being 4x random, but this does occur multiple times. For the ф2 = 0° region no texture was detected in any of ODF segments. For the ф2 = 45° B/ components were detected, but no evidence of the C component was demonstrated in any of the ODF sections. The ODF reflects the apparent result from figure 6.6.3.C, which shows the alternating B/components, but shows no evidence of the C component, which is quite apparent in the alternating bands.
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Figure 6.6.2.E – The (111) and (011) PFs for the entire EBSD data of the 5083-O DRX before rotation correction (A) and after rotation (B). (C) is the ODF sections at ф2= 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) for the rotation corrected data set across the entire DRX.
Summary
	This chapter has given an in depth investigation in the microstructural properties of SSCFSW of AA7075-T6, AA2024-T4, AA2014-T4, and 5083-O. By using optical microscopy, hardness profiles, and EBSD texture analysis, a thorough understanding of the microstructural properties of SSCFSW has been obtained. The phenomena of ‘blades’ has been further confirmed, but has a varied optical and hardness profile within the DRX. Similar to results in chapter 4, the blade effect was not observable in the EBSD results, showing that texture remains unaffected by ‘blades’.


Chapter 7 – General Discussion
[bookmark: _Toc404107980]7.1 – Introduction
	In this chapter the ‘blades’ phenomena will be discussed further along with how welding parameters and tool design tends to influence this effect. Additionally, the relationship between hardness and microstructure will be covered, and their effect on the SSCFSW and SSFSW. Finally, crystallographic texture and the variations in torsion components will be discussed to in order to give a comprehensive discussion on SSCFSW and SSFSW.
[bookmark: _Toc404107981]7.2 The DRX shape and blades effect
[bookmark: _Toc404107982]7.2.1 – Initial findings
	In terms of overall DRX shape, for all welds they have been consistently the same, a rectangular shape with a curve top due to the fact it is a corner weld, and a slight curve bottom due to the shape of the tool pin (see figure 7.2.1.A). There is in fact very little variation in the size and shape of the DRX macro-graphically, with the standard advancing and retreating sides observed. However, when it comes to the ‘blades’ phenomena, there is some quite significant variation depending on the material used and processing parameters. From a macro-graphic point of view a blade is an observable phenomenon that starts at the retreating side of weld and ends before the retreating side. They take the form of horizontal bands, and frequently have space between them, and a typical SSFSWeld will see a larger blade towards the base of the welded region. The cause for seeing these blades will be expanded on and discussed further in the next sections.
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Figure 7.2.1.A – A schematic showing the typical shape of the DRX or nugget
[bookmark: _Toc404107983]7.2.2 – The cause for the blades phenomenon
	The blade effect has not been observed in thin section FSW welds which are dominated by shoulder deformation during FSW [Zhang et al. 2009]. The only examples where to a certain extent this affect could be considered to be present is with thick section FSW, typically welds of 32mm in thickness. In figures 7.2.2.A and B, two threaded tools – one that is tapered probe tool (TPT) and the other that is a parallel probe tool (PPT) – show some evidence of blades, but not in a pronounced manner [Ahmed, 2009]. 


[image: W1 Macrogarph]
Figure 7.2.2.A – A tapered probe tool macrograph showing the faint presence of blades [Ahmed, 2009]
[image: W4 Macrogarph]
Figure 7.2.2.B – A parallel probe tool macrograph showing the faint presence of blades [Ahmed, 2009]
	While the macrographs give some evidence of blades such as a series of thin bands within the nugget in figure 7.2.2.A and a large base blade in figure 7.2.2.B, they still remain quite different from the blade phenomena observable for SSCFSW. All SSCFSWelds tested during this research has blades that start at the advancing side and end before reaching the retreating side, the opposite is true for the TPT in figure 7.2.2.A. In all cases of SSCFSWelding there are multiple blades with spacing between them, which is not present in figure 7.2.2.B. While the conventional butt welds for thick section FSW have some optical microstructure that is similar to the blades observed in SSCFSW, they sufficiently different to warrant the blades phenomena as separate effect. It is worth noting that for the thick section FSW butt weld these effects are only apparent towards base of the weld were the tool pin is the dominant cause deformation.
	With the blades effect not being seen in conventional FSW butt welds, it is the important to know exact cause, and the parameters that will alter its effect. Critically, it is important to establish whether this effect is due to corner SSFSW or just SSFSW in general. Previous research has been performed using SSFSW butt welding before, however welds had significant defects in them, and thus the blades phenomena would not necessarily be observed [Ahmed et al. 2010]. In chapter 4 a SSFSW butt weld was performed that had no defects present, and the blades phenomena was clear and present just like all the other SSCFSWelds. Thus the effect of filler material, the ironing effect of the shoulder region during SSCFSW, and the angle of the weld can be ruled out as possible causes for the blades effect.
	The only other major difference between SSFSW welds and conventional butt welds then is the stationary shoulder. It is well established that the fixed shoulder in FSW is the dominant deformation mechanism, particularly for thin section (10mm or less) FSW [Threadgill, 2003]. For all SSFSWelds the tool pin is the only deformation mechanism, and with that being the case, its design and processing conditions will exclusively decide the characteristics of the weld, depending on the material. Therefore, it is reasonable to conclude that these two factors and their consequential interaction with the material are the cause for the blade phenomenon.
[bookmark: _Toc404107984]7.2.3 – Tool design
	For all welds the same the tool design was used, including for the SSFSW butt weld, and can be seen in figure 7.2.3.A. Unfortunately, no other welds were performed using different tool design so it is difficult to ascertain what characteristics in their design causes the exact effect of the blades, or how differing designs would cause variation. However, with that said, there are several results which would indicate how the tool design would affect blade formation. In the macrographs for 5083-0 and the butt weld for 6082-T6, 8 distinct blades can be counted. For the macrographs of the SSCFSW 6082-T6, the copper wire tracer, and 7075-2014, 16 distinct blades can be counted (see figure 7.2.3.B). In the tool design there are 8 distinct cyclic threads, which have a thread pitch of 1.5mm. Given that deformation behaviour is tool pin dominated, the threads will have a major role; it is perhaps not unsurprising then that the number of blades that can be counted are a multiple of the number of tool pin threads. With this in mind, it can be postulated that the blades effect is a direct result on the number of blades on the tool pin. 

[image: ]
Figure 7.2.3.A – A schematic design of the tool used for all SSFSW (technical measurements cannot be shown for confidentiality reasons)
[image: ]
Figure 7.2.3.B – A section of a SSCFSW with the blades counted
[bookmark: _Toc404107985]7.2.4 – Preferential material flow behaviour
	One of the starkest contrasts which make blades different from the rest of the nugget is the differing flow behaviour that the initial material will experience during SSFSW. This is well evidenced by both the copper tracers and the cross material welds between 7075-2014. For the copper tracers, in every instance, despite the specific location of the copper tracer, the tracer was always confined to the blades. This is especially pronounced with the SSFSW butt-weld and the copper coating filler wire, where the copper tracers are etched black (see figure 7.2.4.A). In addition to the copper tracers it can also be observed for the AA7075-AA2014 welds, where the blades are exclusively AA7075 and the non-blade regions are exclusively AA2014. Furthermore, the evidence from the SEM and EDAX analysis confirms the difference between the two materials atomically. With this in mind, it is reasonable to conclude that different flow behaviour takes place around the tool during SSFSW and causes certain materials to enter the blades and non-blades regions within the nugget.
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Copper tracers\Copper Tracer Butt-Weld.bmp]Figure 7.2.4.A – Distinct material flow into the blades during SSFSW confirmed by the exclusive presence of copper
	The location of where the material is placed is also a factor, for example the copper tracers were all placed at interfaces, and these were the same interfaces as the 7075-2014 welds. This is an important consideration in terms of material flow, as its original starting place may influence blade formation. However, the SSFSW butt weld tracer was in a central vertical line between the abutting plates instead of having a corner interface. Despite this, the copper was entirely confined to blades region within the nugget, even though it spanned the vertical length of the weld. Thus, the starting interface has been rotated 45° for the SSFSW butt-weld, despite this a similar effect is still observed, indicating slight variations in the interface location do not significantly disrupt material flow behaviour or the presence of blades.
[bookmark: _Toc404107986]7.2.5 – How are blades the same and different within the nugget
	The blades are optically observable, and when it comes to differing materials, they preferentially place the material on the advancing side into the blades, and put the material on the retreating side into the none-blades region. Additionally, a different material may be in between the advancing and retreating sides, in which case its differing material type will preferentially choose one distinct region based on its material flow during welding, such as the copper tracers. Thus blades exist due a difference in flow behaviour during welding directly relating to tool design its thread. This is evidenced with the number of blades that exist, and the difference in material type found in blade and non-blade regions.
	The ways in which the blade and non-blade regions are the same is the grain formation and texture. The EBSD and optical imagery results show a consistent grain size across the region, for both the blade and non-blade regions. Equally, there appears to be no difference in texture formation in both regions, indicating the same strain rates and deformation behaviour are very similar. Thus, in terms of grain formation, very similar conditions are experienced throughout the DRX, but in terms of material flow behaviour they are very different
[bookmark: _Toc404107987]7.2.6 – The material flow behaviour
	The copper coated wire tracers help reveal a lot about the flow behaviour of the wire and the overall stirred region. The screw design of the tool is designed in such a way that it encourages downward flow, so it is important to ascertain whether or not this takes place. The copper tracers revealed that the downward flow is very minimal and certainly not extensive across the stirred zone (see figure 7.5.6). Thus material at the top of the weld will not travel to the lower parts of the weld and vice versa. Instead, material is more swept across the weld, and while a small level of downward flow may take place, most of the material is travelling across from the advancing side to the retreating side.
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\Copper tracers\copertracerwire scalebar.bmp]
Figure 7.5.6 – The copper coated wire tracer and its consequential locations post SSCFSW (etched black)
	This tells a lot about how these welds are formed at these conditions and the nature of the process. Instead of seeing a large array of uniformed mixing throughout the DRX, material is swept across from the retreating side to the advancing side and takes the form of blades. In many ways the blades can be described as the material from the advancing side of the weld being swept across and the material from the non-blades region being the swept behind. The interface between the blade and non-blade region is where the starting material from one side of the interface interlocks with the starting material of the other. Therefore, the blades sensitivity to differing material types begins to become more understandable, as blades are material being swept from one side of the weld to the other, so the base materials and their initial location is paramount. This gives a good picture of what has happened during welding, the starting base material has preferentially travelled around the threads. This is where the base material starting on the advancing side has been swept across and interlocks with the base material starting on the retreating side which is swept behind the weld.
[bookmark: _Toc404107988]7.2.7 – The different factors that affect blade formation
	It has already been established that tool design and threading is the strongest cause for blade formation, however the welding parameters and the parent material welded also has an effect. In terms of material used, the aluminium series that has been SSFSWelding is quite significant. There is a sharp difference between the AA7075 and AA2014, particularly in terms of hardness post welding. While the both are subjected to the same traverse speeds and rotation rates, the 7075 can maintain a great deal of its initial strength, which is reflected in its hardness, while the 2014 does not. While the two alloys have differing initial hardness, during SSCFSW they see different losses in hardness, thus their response to the process is varied. 
	As for the 6082-T6 alloys, while they are not directly comparable to the 7075-2014 welds because of different processing parameters, they still demonstrate a certain level of comparable variation. For an all 6082 SSCFSWeld the blade regions actually see a loss of hardness compared to that of the non-blade regions. This is particularly true towards the base of the welds, where the lowest hardness within the DRX is found. 
	The second variable that is as important to the SSCFSWelding process as the tool design are the process parameters. Rotation rate and traverse speed are the most significant, and for both the AA6082-T6 and AA7075-T6-AA2014-T4 welds there are directly comparable differences in welding parameters. In both cases the traverse speed was varied, and in both cases similar effects on the blades could be observed. The most prominent effect on the blades that results from increases in traverse speed and consequently an overall decrease in energy and heat input was the apparent thinning of blades. In both alloy sets that were tested, both the blades across the nugget and in particular the largest base blade showed significant reductions in width with increase traverse speed. Table 7.2.7.A shows how the variation in traverse speed at constant rotation rate causes variation in the base blade thickness.
Table 7.2.7.A – Variations in hardness as a function of traverse speed for various alloys
	Aluminium Alloy
	Traverse speed
	RPM
	Base blade thickness

	6082-T6
	100
	1200
	1.4mm

	6082-T6
	200
	1200
	1.0mm

	6082-T6
	300
	1200
	0.7mm

	7075-2014
	50
	600
	2mm

	7075-2014
	125
	600
	1mm



	It has been established that the blades effect is predominately related to the threads on a tool and the consequential flow behaviour of material around them. At higher traverse speeds the material flow would increase, and also result heat a input decreases. It could be argued that blades are a result of slight variations in strain due to the 1.5mm thread length extending out of the tool. This would mean that when the tool meets the material the extended threads exert more pressure into the material then the rest of the tool pin. Consequently they cause more strain, and therefor slight variations in heat input. If the blades are a result of increased strain and heat input, then it would be understandable that at higher traverse speeds and therefore reduced heat input that these blades would be less pronounced. 
[bookmark: _Toc404107989]7.3 – Hardness
[bookmark: _Toc404107990]7.3.1 – Hardness variation for the different alloys
	In total 4 different aluminium alloys has hardness maps performed for them, 3 of which were precipitation hardened – AA2014-T4, AA7075-T6, and AA6082-T6 – and one was solution hardened – AA5082-O. The hardness profiles were in some way consistent with hardness profiles seen in literature [Shigematsu et al. 2003][Scialpi et al. 2007] but in other ways they were not. Hardness profiles are affected by the fact there are two welds performed, and that they overlap. Thus the first weld has been partially welded over by the second and so this makes a direct comparison with other conventional butt FSW more difficult. However, if the second weld is considered primarily, it can be fairly compared to other conventional FSW. The blade effect and the 45° angle of the welding causes some variation in hardness profiles to what would be typically seen for conventional precipitation hardened aluminium alloys.
	The AA6082-T6 welds show similarity to other conventional precipitation hardened FSWelds particularly in terms of the HAZ, where the surrounding area of the stirred region exhibits the biggest loss of hardness. In fact if a 45° hardness line is drawn across the top part of the stirred region for the second weld, it has a similar profile to other precipitation hardened materials (see figure 7.3.1.A). While the hardness profile doesn’t start fully in the parent material, there is a clear loss of hardness just outside the stirred region (AS HAZ), some recovery in the DRX, loss of hardness again (RS HAZ), and finally further recovery. 
[image: ]
Figure 7.3.1.A - AA6082-T6 (at 100mm/min TS) hardness line across top of stirred region (red)
	However towards the base of the weld, where some recovery would be expected, there is none, and is in fact similar loss hardness to the HAZ, even though it is within the DRX. With hardness map overlays it becomes clear that the loss of hardness is specific to the largest base blade and other base blades. This is where breaks from conventional hardness maps for butt FSW start to take place and the blade phenomenon starts to cause distinct differences. Figure 7.3.1.B shows a hardness line across the base where the largest blade is, it clearly shows little to no recovery, especially where the largest base blade is present. This variation within the DRX is not in line with what is conventionally seen in literature for FSW [Schneider et al. 2005, Rhodes et al. 2003]. Clearly, in terms of hardness, the blades and non-blades region have a significant effect. It is worth noting that the blades towards the top of the DRX are far less pronounced, both visually, but also in terms of hardness. This may be related to the fact that shoulder acts as a heat sink, so material closer to the surface of the weld experiences more rapid cooling.
[image: ]
Figure 7.3.1.B - AA6082-T6 (at 100mm/min TS) hardness line across bottom of stirred region (red)
	A similar effect is also observed for the AA7075-T6 and AA2014-T4 cross welds in terms of hardness variation across the DRX. Outside of the stirred region there are similar affects to that of a conventional FSW in the sense that the HAZ lies just outside the stirred region and there is steady recovery of hardness further after this region. However, once again the blade region demonstrates considerable variations in hardness depending on whether or not it is blade or non-blade region (see figure 7.3.1.C). The non-blade regions show demonstrable low hardness that is similar to the HAZ, while the blade regions show high hardness similar to that of the parent material. In this case the all the blades are well defined, both in the base region and towards the weld surface, and they all have consistent properties. 
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\7xxx-2xxx - Hardness maps and overlays\Hardness- overlay 7075-2014 50mm-min.jpg]
Figure 7.3.1.C - hardness overlay of AA7075-AA2014 at 50 mm/min and 600RPM
	It has been established that blade regions the AA7075-AA2014 welds are made of AA7075-T6 and the non-blades are made of AA2014-T4, however, the hardness loss within the nugget cannot be explained by material difference alone. It has been discussed that the blades undergo different flow behaviour and consequentially different strain and thermal exposure as a result. With this is in mid, the non-blade regions undergo different strain and thermal exposure also, which in the case of these two materials, causes the AA2014-T4 to have little to no recovery, but at the same time causes AA7075-T6 to recover most of its strength. Thus the variance of material flow between the two alloys within the nugget, and also the consequential variation in thermal history, results in a nugget that is sharply divided in hardness, despite it fully undergoing dynamic recrystallisation. 
[bookmark: _Toc404107991]7.3.2 – The effect of tool design and processing parameters on hardness
	The two main interlinked FSW variables are tool design and process parameters, as the tool decides the method of mechanical deformation, and the process parameters decide that manner in which that mechanical deformation takes place.  In terms of tool design and hardness, a consistent tool design has been used for all the FSW, and as covered previously it is suspected that the threading on the tool is responsible for the blades phenomena. With this said, besides the variable hardness that has been already detected in the blades which is related to tool threading, it is difficult to ascertain the extent of tool design on hardness without an equivalent frame of reference. 
	In terms of processing parameters, however, there are plenty reference points for comparison. For the heat treated alloys there are some general consistent trends. For both the 6082-T6 and 7075-T6-2014-T6 samples, there was a consistent loss on hardness around the stirred region, which had a larger area and lower hardness with decreasing traverse speed. The AA6082-T6 samples which were welded at traverse speeds of 100 and 200 mm/min have a low hardness region (blue in 7.3.1.B) between the retreating side and the parent material of approximately 15-25mm, and lowest hardness was measured at 50HV. However, for the 300mm/min traverse speed sample this region is between 5-10mm wide and lowest hardness was measured at 70HV.
	For the AA7075-AA2014 samples a similar effect can be seen for the low hardness region between the retreating side and the parent material. At the lower traverse speed of 50mm/min this region is between 20-40mm wide (blue region), however for the higher traverse speed of 125mm/min this region size drops to between 10-20mm. Again a similar story can be seen for the lowest hardness values, where in the low traverse speed sample the value is 55HV, and for the high traverse speed sample it is 65HV. A full list of hardness and region sizes can be seen in table 7.3.2.A
Table 7.3.2.A – The size of low hardness regions (50-80HV) and their maximum lowest point for the heat treated alloys
	Alloy
	Traverse speed (mm/min)
	Size of low hardness region between the RS and parent material (mm)
	Size of low hardness region between the AS and parent material (mm)
	Lowest hardness measurement (HV)

	AA6082-T6
	100
	15-25
	10-15
	50

	AA6082-T6
	200
	15-25
	10-15
	52

	AA6082-T6
	300
	10-15
	10-15
	65

	AA7075-T6-AA2014-T4
	50
	20-40
	0-10
	55

	AA7075-T6-AA2014-T4
	125
	10-20
	0-5
	65



	The sudden loss of hardness immediately around the stirred zone for all heat treated samples is consistent with other examples of FSW [Shigematsu et al. 2003] heat treated materials. Generally speaking the lowest loss of hardness is immediately outside the stirred region where the TMAZ meets the HAZ. The same can be seen here, where because the material deformation is tool pin dominated the TMAZ is very small - 300-500 µm, and so the lowest hardness is seen just outside of the stirred region where the TMAZ meets the HAZ. This low hardness is related to the dissolution and coarsening of precipitates, where the highest thermal cycles are experienced, but no grain refinement takes place.
	The general trend that also matches literature [Scialpi et al. 2007] is that with increasing traverse speeds the areas of low hardness decrease. It has been established that high rotation rates and low traverse speeds contribute to high energy inputs during FSW, thus an increase in traverse speed would directly contribute towards reduction in energy input. It is seen in all comparable SSCFSWelds for the heat treated alloys that an increase in traverse speed causes a reduction in the low hardness areas, and a reduction in the minimum hardness values. Thus the same principle for FSW butt welds and SSCFSW applies in terms of heat input and loss of hardness.
	The real observable difference in hardness that different from conventional butt FSW for heat treated alloys is the blades. It has been demonstrated that instead of seeing uniform hardness across the DRX it can be distinctly divided into two separate regions – blades and non-blades which vary significantly in hardness depending on what material is used. For the AA6082-T6 the blades towards the base region show a dramatic loss of hardness – comparable to that of the HAZ. Meanwhile, in the non-blade region and towards to the top of the weld there is some recovery of hardness in the nugget. Clearly a different thermal cycle is being experienced in the base blade region compared to the rest of the weld, causing a variation in hardness.
	Equally, for the AA7075-AA2014 samples there is a sharp difference in hardness between the blade regions. The blade regions – which have been established as AA7075 show recovery similar to the parent material with hardness values as high as 120-130HV for all three welds. However, for the non-blade regions – which have been established as AA2014 or AA2024, there is comparable hardness to that of the HAZ. While hardness values within the non-blades region for the second weld are slightly higher at 75-80HV compared to the HAZ at 50-70HV, the difference is minor, and sharp compared to the hardness recovery in the adjacent blades. Once again two distinct regions within the DRX are found, with varying properties including hardness, and so depending on the alloy, hardness will vary significantly across the nugget.
[bookmark: _Toc404107992]7.4 – Microstructural features
[bookmark: _Toc404107993]7.4.1 – The advancing side and retreating side interfaces
	A fundamental property that has been observed for FSWelded materials is the advancing side (AS) and the retreating side (RS), where in which in the AS has a sharp interface and the RS has a diffuse interface. These features are also observable both optically and with the EBSD results for all SSCFSW samples, and can clearly be seen in chapters 4, 5 and 6. The phenomena of a sharp interface for the AS and a diffuse interface for the RS are explained by analysing material flow around the tool probe in one revolution, where welding speed and rotation rate decide the thickness of the material swept across [Prangnell and Heason, 2005][Cui et al. 2008][Charit and Mishra, 2008]. 
	In the first half of a revolution of the FSW tool material is swept in front of the tool from the AS to the RS resulting in accumulation of material. The steady accumulation of material causes a large transition zone at the RS [Schmidt et al. 2006], particularly when compared to the AS which has little or no transition zone. Then for the second half of the tool revolution a one layer deposition results from the material behind deposited behind the tool. Therefore, because of the variation in transition zones for the AS and RS, the AS has a sharp transition and the RS has a diffuse transition.
	The blade effect can also be explained by this effect to certain extent also, as blades start at the AS and end towards the RS. Effectively material flow can be split into two halves, the material flowing from the advancing side in front of the tool pin, and the material flowing behind the tool pin away from the RS. Due to the threads on the tool pin, this material flow becomes divided into two regions that are dominated by the difference in thread pitch. Part of the material flowing forward is forced into a particular path by the threads and these are observable as ‘blades’. Blades are effectively the partitioned flow of material from the advancing side brought across the weld to the RS in the first half of the weld.
	The non-blade region on the other hand is effectively the second half of the tool revolution as the material is swept behind the tool; it is once again partitioned by the tool threads. The material brought forward in front of the tool is observable as the ‘blades’ and the material brought behind is observable as the non-blades, and they interlock. Thus even though the entire DRX has undergone dynamic recrystallisation, the complex flow pattern during SSFSW results in interlocking regions related to tool design and the forward and backward flow patterns around the FSW tool pin.


[bookmark: _Toc404107994]7.5 – EBSD Microstructure
[bookmark: _Toc404107995]7.5.1 – EBSD for microstructure
	The EBSD results were not only effective at showing grain orientation but also grain size, figure 7.5.1.A shows an example of grains detected from EBSD. The Channel 5 software also has a line intercept function which allows for the calculation for the average grain size, and the statistical results are shown in table 7.5.1.A. The average grain size calculated for each material analysed can be compared to the processing parameters used during FSW, in particular the rotations per mm of FSWeld – a key component for assessing relative thermo-mechanical input.
[image: C:\Users\Sam Gascoyne\Desktop\Thesis Results\EBSD Grain Size\Finals\Final Edit\6082-S1-Overlay.bmp]
Figure 7.5.1.A – A 6082-T6 SSCFSWeld with the HAGB’s (>15°) in black and LAGB’s (5-15°) in red superimposed over the original IPF grain orientation data (exact location)
Table 7.5.1.A – Statistical variance for grain size obtained from EBSD for differing alloys
	Alloy
	EX
	D2X
	σ
	σ/EX
	Xmin
	Xmax
	N

	AA5083-O
	5.92
	11.22
	3.35
	0.56
	2.5
	65
	14232

	AA6082-T6 (base region)
	7.87
	23.48
	4.85
	0.62
	2.5
	67.5
	9956

	AA6082-T6 (wire region)
	7.73
	35.87
	5.99
	0.78
	1.5
	84
	11270

	AA6082-T6 (Butt-Weld)
	10.28
	40.5
	6.36
	0.62
	4
	80
	7562

	AA7075-AA2024 (Adstir)
	3.57
	4.86
	2.2
	0.62
	1.2
	47.4
	22566

	AA7075-AA2024 (Fillet)
	4.72
	6.73
	2.6
	0.55
	2.5
	62.5
	19609



Table 7.5.1.B – The average grain size relative to tool rotations per mm of FSW
	Alloy
	Average Grain Size (µm)
	Rotations per weld mm
	Rotation rate (RPM)
	Traverse speed (mm/min)

	AA5083-O
	5.92
	8
	1000
	125

	AA6082-T6 (base region)
	7.87
	6
	1200
	200

	AA6082-T6 (wire region)
	7.73
	6
	1200
	200

	AA6082-T6 (Butt-Weld)
	10.28
	6
	1200
	200

	AA7075-AA2024 (Adstir)
	3.57
	8
	1000
	125

	AA7075-AA2024 (Fillet)
	4.72
	12
	600
	50



	It is perhaps no surprise that the average grain size for the same SSCFSW AA6082-T6 in the base (7.87 µm) and wire filler (7.73 µm) regions is approximately the same size. However, the average grain size for the same AA6082-T6 for the SSFSW at the same welding conditions yields on average larger grain size (10.28 µm). Despite having the same processing conditions the AA6082-T6 SSFSW appears to have undergone a greater thermo-mechanical input than compared to that of its SSFCSW equivalent. 
	It is important to consider the difference between SSFSW and SSCFSW, especially the plunge depth of the tool. For a SSFS butt weld the plunge depth is 8mm across the whole weld, however for the SSCFSW the plunge depth ranges depending on the surface position of the shoulder. Thus at the very centre of the weld corner the plunge depth is approximately 6mm, however the plunge depth increases across the traverse region of the weld up to 8mm at the edge of the stirred region. As the SSCFSW has a larger area of contact with the shoulder, and is at a greater depth within the stirred region, a greater amount of heat can be extracted through the shoulder. As a result the thermo-mechanical profile of SSCFSW has reduced energy input compared to that of an equivalent SSFSW because the shoulder has greater contact with the weld region.


[bookmark: _Toc404107996]7.6 – Recrystallisation Mechanisms
	During the course of the grain size analysis conducted for the SSCFSWelded aluminium alloys it was established that the average grain size within the DRX would vary from anything between 4µm to 10µm depending on the material type and welding conditions. Critically, the grains were highly equiaxed and frequently demonstrated sub-structure within; it is therefore unlikely that static recrystallisation is the recrystallisation mechanism. Equally, the high stacking fault energy (SFE) of aluminium means that is always unlikely to undergo DDRX.
	With several other recrystallisation mechanisms considered to be unlikely causes, GDRX becomes a likely candidate, with research by Prangnell and Heason [Prangnell and Heason, 2005] indicating that the dominant recrystallisation mechanism in the DRX region for FSWelded aluminium alloys is GDRX. The geometric effect of strain in conjunction with grain subdivision leads to a reduction in overall HAGB spacing, is considered to be the main cause for the grain refinement according Prangnell and Heason. However, GDRX also involves local grain boundary migration that is heat initiated; this is increasingly relevant as temperatures increase near the tool.
	The occurrence of GDRX takes place when a material experiences a significant reduction in cross section, which is especially apparent during hot rolling or compression where the initial grains become serrated and flattened. Equally, for all the SSFSW and SSCFSW aluminium alloys analysed during this research, it is clear from the grain structure evolution that GDRX is the dominant recrystallisation mechanism in the DRX. In figures 7.6.A-C the HAZ, TMAZ and DRX of AA6082-T6 is analysed by looking exclusively at the HAGB’s (>15°) which are in black and LAGB’s (5-15°) which are in red. It is clear that the large grains in the HAZ which haven’t undergone any dynamic recrystallisation are flattened and have a high density of sub-structure rotated upwards. These grains start to become much thinner as they approach the TMAZ. The fine grains that are then observed in the DRX are due to the high deformation experienced by the tool rotation. Thus the flattened grains observed outside the stirred zone are expected to have formed the fine grain structure within the DRX due to GDRX.
[image: ]
Figure 7.6.A-C grain boundary maps of LAGB from 2-15° in red and HAGB’s >15° in thick black lines in the HAZ (A), the TMAZ (B) and the DRX (C) at the AS of SSCFSWed AA6082-T6.

[bookmark: _Toc404107997]7.6 – SSFSW and SSCFSW Crystallographic Texture
	A thorough investigation into crystallographic texture of SSFSW and SSCFSW aluminium alloys was performed. The main area of interest was the DRX as it experienced the highest strain with the highest temperature and strain rate. In terms of deformation for SSCSFW and SSFSW - it is entirely decided by the tool pin and its rotation within the material – which in conjunction with its threads results in a process of complex deformation. Additionally the stationary shoulder has a slight ironing effect on the material, predominantly holding it in place during the deformation process. Simple shear is prevalent deformation mechanism, which is demonstrated throughout the DRX, and the shear plane is expected to be parallel to the probe radial surface [Prangnell and Heason, 2005][Fonda et al. 2004]. The DRX can be divided into two distinct regions the blade and non-blade regions, which have so far shown differing material properties relative to each other.
[bookmark: _Toc404107998]7.6.1 – The crystallographic texture of the DRX
	The texture of the DRX is easily identified by its distinct grain orientations and its drastic change from the surrounding undeformed material. For the AA6082-T6 SSCFSW the areas investigated were towards the base of the weld region which were approximately at 6mm tool pin depth, and towards the filler material region of the weld which was at a depth of approximately 3mm. For the SSCFSW AA7075-AA2024 and AA5083-O, but also the SSFSW 6082-T6, the same tool depth pin depth was used of approximately 5mm. In all cases a long strip across the DRX stretching from the advancing side to the retreating side was analysed using EBSD to produce a series of OIM but also ODF and PFs. The OIM were set to IPF colouring and were relative to the ND, the PFs were produced relative to the (111) crystal axis, and the ODF sections where at ф2=0° and ф2=45°. Both the ODF and PFs were calculated at constant section intervals. While the results and discussion for each material are described in chapters 4 and 6, a general discussion of all the texture in the DRX based on the previous chapter’s results will be articulated below.
	Research by Fonda and Bingert and also Prangnell and Heason [Fonda and Bingert, 2007][Prangnell and Heason, 2005] have demonstrated that off-axis simple shear textures are prevalent in FSW probe affected regions, and this research fits with those findings. However, in this case texture isn’t confined to small set region but has been analysed across the entire transverse of the DRX and consistent rotation of the texture components about the DRX has been observed. Figure 7.6.1 shows the position of the intense (111) poles at the three most extreme points in the stirred region, the AS, RS, and centre of the DRX. At the furthest side of the RS within the DRX the intense (111) pole representative of shear texture is located in the WD plane and relative to the ND it is at a tilt angle of (β) (see figure 7.6.1.(A)). This can be considered the initial start position of the (111) shear texture pole, it then rotates around the ND at a relative distance of x, where at the centre x = 0. When the (111) pole reaches the centre it the lies in the TD plane but still maintains its tilt angle β, so relative to the WD it has an angle of 90°+β (see figure 7.6.1.(B)). Finally the (111) pole completes its rotation around the ND to reach the AS where it is located again in the WD plane but has the opposite tilt direction to the RS (see figure 7.6.1.(C)).
[image: ]Figure 7.6.1.A-C, Schematic representation of (111) PF where the position of the intense (111) pole indicated as a black dot for three distinct regions - (A) at the extreme RS, at the DRX centre (B), and at the extreme AS (C) [Ahmed, 2009].
	In order to correct the texture component effectively two rotations must occur, the first - α – which is about the ND, and the second – β – which is about the TD. The α rotation considers the shear reference frame, and β rotation, which is at a consistent tilt angle, considers the taper of the tool probe, so for example β = 0 for tool with no taper angle such as a parallel tool. By using the last point during welding from which the tool probe has exerted deformation, the location of the shear plane normal (Z) and ideal simple shear reference frame for the shear direction (θ) for each point in the DRX can be calculated. The shear direction (θ) for three distinct points is shown in figure 7.6.1.D-F. The location of (θ) at the extreme RS is opposite but parallel to the WD (figure 7.6.1.D), for the weld centre it is perpendicular to the WD (figure 7.6.1.E), and finally for the extreme RS after a 180° rotation (θ) is parallel to the WD and in the same direction (figure 7.6.1.F). The schematic images in figures 7.6.1.D-F have a Z value which in all instances is tilted at an angle and hence is presumed to be β. The β value is determined by the tool taper, which in for the entire body of work in this case is at 5°. Thus by using α the specific direction of θ can be calculated for any point in the weld.
[image: ]Figure 7.6.1.D-F, the FSW tool cross section schematic with a top view showing the location of the shear reference frame axes at the extreme RS (D), at the centre of the DRX (E), and at the extreme AS (F) [Ahmed, 2009].

	Previous work by MMZ Ahmed [Ahmed, 2009] took the above hypothesis for the methodical rotation of texture components, and developed software that would run these transformations for EBSD data. The same software was used again for this research and successfully applied the above rotations for all SSCFSW and SSFSW materials. As all of these types of welds are tool probe dominated, the same corrections have been performed throughout for each EBSD data set that has been collected. The resulting corrections allowed then for the creation of (111) PFs and the ODF sections at constant intervals which would demonstrate the texture relative to the local shear reference. The detailed EBSD results for each material are available in chapters 4 and 6. Depending on the aluminium alloy that is being analysed, a typical local shear reference frame has predominantly a simple shear texture with B/components, with the C component also observable. However, in some cases the B component was less visible and C component was more prevalent. A complete analysis of the various components found will be discussed further below.


[bookmark: _Toc404107999]7.6.2 – The crystallographic texture of the different aluminium allows

	An investigation of the DRX for the various materials that were SSCFSW has been made in order to assess variation in their crystallographic texture. This has been demonstrated for the entire DRX relative to the local shear reference frame and is displayed using (011) and (111) PFs but also using ODF sections of ф2=0° and ф2=45° (see figure 7.6.2.A). Figures 7.6.2.A-C show the three different alloys or cross alloys that have been SSCFSW, and in all three cases the ODF image demonstrate alternating B/ texture components but no real evidence or even indication of the C component. The only alloy showing strong texture was the SSCFSW  AA6082-T6 with an maximum of 12.5xRandom, the other alloys and cross alloys had comparatively weak texture with maximums of 3.2xRandom for 5083-O and 1.6xRandom for the AA7075-AA2024. By considering the extreme plastic deformation process that happens during SSCFSW, the simultaneous high temperature input, and the initial texture of the starting materials, the texture variation observed here must a consequence of SSCFSW.
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Figure 7.6.2.A – The (111) and (011) PFs for the entire EBSD data of the AA6082 DRX after rotation corrections (top) and the ODF sections at ф2= 0° and ф2 = 45° where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) for the same region (bottom)
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Figure 7.6.2.B – The (111) and (011) PFs for the entire EBSD data of the AA7075-AA2024 DRX after rotation corrections (top) and the ODF sections at ф2= 0° and ф2 = 45° where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) for the same region (bottom)
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Figure 7.6.2.C – The (111) and (011) PFs for the entire EBSD data of the 5083-O DRX after rotation corrections (top) and the ODF sections at ф2= 0° and ф2 = 45° where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) for the same region (bottom)
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Figure 7.6.2.D - Texture components map for AA7075-AA2024 after rotation correction with (red), (yellow), and C (blue).
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Figure 7.6.2.E - Texture components map for AA5083 after rotation correction with (red), (yellow), and C (blue).
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Figure 7.6.2.F - Texture components map for AA6082 after rotation correction with (red), (yellow), and C (blue).







	Figures 7.6.2.D-F show the texture component OIM for the three alloy sets AA5083, AA6082, and AA7075-2024. The texture component maps are set for three components B, , and C which have the respective colours of red, yellow, and blue, and have a spread of 25°. Alternating texture bands can be observed, and they are more pronounced towards the AS than the RS. All three material sets demonstrated the / components, which is also reflected in the ODF results, but the ODF do not show the C component. The texture component maps do show to some extent the C component (blue), however it is generally weak especially when compared to the / (red and yellow) components.


	All three sets of welds for the different materials have quite sharp contrasts, both in terms of strength of texture but also representation of the torsion components. In terms of texture components the AA7075-AA2024 and to a lesser extent AA5083 both show the C component in the texture component OIMs. For the AA6082-T6 however the presence of the C component is almost non-existent, only small traces can be detected towards the extreme end of the RS. In terms of alternating bands, only the AA5083 and AA6082 alloys show banding of / components, although for AA5083 these bands also demonstrate the C component. Additionally, the texture is weakest in the AA7075-AA2024 material set, stronger with the AA5083, and strongest with AA6082.




	The alternating / components and an array of all three , , and C components as part of the simple shear texture has also been researched by other authors such as Fonda and Bingert [Fonda and Bingert, 2007]. They analysed the weld centre where x = 0 in line with the WD and postulated that the texture banding is a result of a cyclic change in the magnitude of strain or temperature during FSW. It is also worth noting that because the strain magnitude changes periodically, the texture is expected to alternate periodically also. One of the most striking things about these results is the apparent lack of the C component, especially in the AA6082, however this may be related to the fact that all three sets of samples are towards the top of the weld in the filler region. Finally, the AA7075-AA2024 material set does not fit with aforementioned banding effect that has been described by Fonda and Bingert, and seen in both the AA5083 and AA6082. It is difficult to fully ascertain whether or not this is more due to the weak texture results, or due to completely different phenomena relating to the intermixing of two distinct materials.


[bookmark: _Toc404108000]7.6.3 – The crystallographic texture for SSCFSW and SSFSW


	The comparison in texture between SSFSW and SSCFSW has been investigated for AA6082-T6. This has been demonstrated across the entire DRX relative to the local shear reference frame and is displayed using (011) and (111) PFs but also using ODF sections of ф2=0° and ф2=45° (see figures 7.6.3.A and B). The ODF in figures 7.6.3.A and B are very similar, showing strong <111> texture and reflect the other crystal axis; with their ODFs showing the,, and C texture components. Both sets of results have similar texture strength with up to 5x random texture for the PFs, and up to 9x random for the ODF. Both welds are made from AA6082-T6 and have used the same tool at the same processing conditions – 200 mm/min and 1200 RPM. As the only difference between the two weld sets is that one has used the SSFSW method, and the other has used the SSCFSW method, so they are directly comparable.
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Figure 7.6.3.A – The (111) and (011) PFs for the entire EBSD data of the SSFSW AA6082 DRX after rotation correction (top) and the ODF sections at ф2= 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) for the rotation corrected data set across the entire DRX (bottom).
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Figure 7.6.3.B – The (111) and (011) PFs for the entire EBSD data of the SSCFSW AA6082 DRX after rotation correction (top) and the ODF sections at ф2= 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) for the rotation corrected data set across the entire DRX (bottom).
	Figures 7.6.3.C and D show the OIM for both SSFSW and SSCFSW relative to IPF and their corresponding PFs based on their respective position in the DRX. Both sets of OIM have undergone rotation correction as described in chapter 4. On the whole both sets of results have a great deal of similarity, with strong texture in the <111> crystal direction (blue) but also to a lesser extent in the <110> crystal direction. Alternating banding of <111> and <110> can be observed on the advancing side for the SSFSW, and to a lesser extent for the advancing side of the SSCFSW. The pole figures also reflect the dominance of the <111> crystal directions across the DRX.





	Figures 7.6.3.E and F show the texture component OIM for the SSFSW and SSCFSW for AA6082. The texture component maps are set for three components B,, and C which have the respective colours of red, yellow, and blue, and have a spread of 25°. Alternating texture bands can be observed, and they are more pronounced towards the AS than the RS. Both material sets demonstrated the //C components, which is also reflected in the ODF results. The //C components (red, yellow, blue) form in alternating bands, with the C component being more pronounced towards the AS.


	Figure 7.6.3.A shows the SSFSW ODF sections at ф2 = 0° and ф2 = 45° for the overall DRX of the OIM after rotation corrections. The ф2 = 0° region showed clearly the existence of the C component, and for the ф2 = 45° ODF the B, , and C components were detected. In general the ODF reflects the results shown in figure 7.6.3.E which demonstrates the C component within the alternating bands of the B/ components.


	Figure 7.6.3.B shows the SSCFSW ODF sections at ф2 = 0° and ф2 = 45° for the entire DRX for the OIM after rotation corrections. The ф2 = 0° region showed strong C component texture for most ODF segments, with the ф2 = 45° ODF reflecting this but also demonstrating alternating B/ components also. This section of the ODF reflects the texture components observed in figure 7.6.3.F which demonstrates the strong presence of the B, , and C components. The ODF in general accurately reflect the same results indicated by the texture component OIM, and show a great deal of similarity between the SSFSW and SSCFSW.




	As discussed previously the alternating / components and an array of all three , , and C components as part of the simple shear texture has also been researched by other authors such as Fonda and Bingert [Fonda and Bingert, 2007]. They analysed the weld centre where x = 0 in line with the WD and postulated that the texture banding is a result of a cyclic change in the magnitude of strain or temperature during FSW. It is also worth noting that because the strain magnitude changes periodically, the texture is expected to alternate periodically also. However, for the SSCFSW and SSFSW of AA6082-T6 in the base regions of the weld, texture is very similar, almost identical. Therefore the most dominant factor in these kinds of welds when compared to conventional FSW, is the stationary shoulder, and whether or not it is done at a corner has little bearing on the texture for the process.
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Figure 7.6.3.C – EBSD IPF colouring map after correction with respect to ND for a SSFSW (see Figure 7.6.3) and below the map (111) pole figures in 500-600 m steps across the whole AA6062-T6 DRX.

Figure 7.6.3.D – EBSD IPF colouring map after correction with respect to ND for a SSCFSW (see Figure 7.6.3) and below the map (111) pole figures in 500-600 m steps across the whole AA6062-T6 DRX.
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Figure 7.6.3.E – Texture components map for SSFSW AA6082 after rotation correction with (red), (yellow), and C (blue).
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Figure 7.6.3.F – Texture components map for SSCFSW AA6082 after rotation correction with (red), (yellow), and C (blue).







[bookmark: _Toc404108001]7.6.4 – The crystallographic texture for filler region and base region

	The comparison in texture between the SSCFSW wire filler regions (located towards the top of the weld) and the base region (located towards the bottom of weld) has been investigated for AA6082-T6. This has been demonstrated across the entire DRX relative to the local shear reference frame and is displayed using (011) and (111) PFs but also using ODF sections of ф2=0° and ф2=45° (see figures 7.6.4.A and B). The ODF in figures 7.6.3.A and B are similar, showing strong <111> texture and reflect the other crystal axis; with their ODFs showing the B and texture components. However, in the wire filler region the C component cannot be detected either by texture component maps or ODF. Both sets of results had strong texture strength with up to 5-10x random texture for the PFs, and up to 9x random for the ODF. Both sets analysed come from the same weld and are made from AA6082-T6 at the processing conditions of 200 mm/min and 1200 RPM. As the only difference between the two weld sets is the region analysed, so they are directly comparable.
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Figure 7.6.4.A – The (111) and (011) PFs for the entire EBSD data of the SSCFSW AA6082 DRX in the base region after rotation correction (top) and the ODF sections at ф2= 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) for the rotation corrected data set across the entire DRX (bottom).
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Figure 7.6.4.B – The (111) and (011) PFs for the entire EBSD data of the SSCFSW AA6082 DRX in the wire filler region after rotation correction (top) and the ODF sections at ф2= 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) for the rotation corrected data set across the entire DRX (bottom).
	Figures 7.6.4.C and D show the OIM for both base and wire filler regions relative to IPF and their corresponding PFs based on their respective position in the DRX. Both sets of OIM have undergone rotation correction as described in chapter 4. Where both sets of results have similarity is the strong texture in the <111> crystal direction (blue) but also to a lesser extent in the <110> crystal direction. Faint banding of <111> and <110> can be observed for the base region, and very faintly for the wire filler region; in both cases this is more pronounced towards the AS. The pole figures also reflect the dominance of the <111> crystal directions across the DRX.



	Figures 7.6.4.E and F show the texture component OIM for the base region and wire filler region for AA6082. The texture component maps are set for three components B,, and C which have the respective colours of red, yellow, and blue, and have a spread of 25°. Alternating texture bands can be observed, and they are more pronounced towards the AS than the RS. Only the base region texture component map demonstrated the B, , C components, which is also reflected in the ODF results. The B, , and C components (red, yellow, blue) form in alternating bands, with the C component being more pronounced towards the AS. The wire filler region towards the top of the weld doesn’t demonstrate the C component either in ODF or in the texture component map.


	Figure 7.6.4.A shows the base ODF sections at ф2 = 0° and ф2 = 45° for the entire DRX of the base region OIM after rotation corrections. The ф2 = 0° region showed strong C component texture, and the ф2 = 45° ODF also reflects this but also demonstrate alternating B/ components also. These sets of ODF reflect the texture components observed in figure 7.6.3.E which demonstrates the strong presence of the B, , and C components. The ODF reflects the same results indicated by the texture component OIM, but is in contrast to the wire filler region.


	Figure 7.6.3.B shows the base ODF sections at ф2 = 0° and ф2 = 45° for the entire DRX of the wire filler region OIM after rotation corrections. The ф2 = 0° region showed no texture, but for the ф2 = 45° ODF the B/ components were detected; no evidence of the C component was demonstrated in the ODF sections. The ODF reflects the results shown in figure 7.6.3.E which demonstrates the alternating bands of the B/ components, but no real detection of the C component.
	For SSFSW AA6082-T6 there is distinct change in texture components between the base region and the top region of the DRX. The difference defined predominantly by the existence of the C component in the base region and its apparent non-existence in the top region closest to the stationary shoulder. It has already been established that the temperature gradient is higher in the base region of the DRX than the top region because the stationary shoulder acts as a heat sink. The temperature difference is in part a reason for the existence of the C component. Work by Barnett and Montheilliet [Barnett and Montheilliet, 2002] linked various texture components existence to equivalent strain as shown in figure 7.6.4.G. With increasing equivalent strain the C component volume fraction increases until reaching a certain threshold. With this in mind it can be argued that the equivalent strain is higher towards the base region than the top region. This would also be consistent with the higher temperatures experienced in the base region which would generally tend towards increasing the equivalent strain. 
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Figure 7.6.4.G – The relationship between the volume fraction of a particular texture component and equivalent strain


Figure 7.6.4.C – EBSD IPF colouring map after correction with respect to ND for a SSCFSW base region (see Figure 7.6.4) and below the map (111) pole figures in 500-600 m steps across the whole AA6062-T6 DRX.

Figure 7.6.4.D – EBSD IPF colouring map after correction with respect to ND for a SSCFSW wire filler region (see Figure 7.6.4) and below the map (111) pole figures in 500-600 m steps across the whole AA6062-T6 DRX.
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Figure 7.6.4.E – Texture components map for SSCFSW base region AA6082 after rotation correction with (red), (yellow), and C (blue).
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Figure 7.6.4.F – Texture components map for SSCFSW wire filler region AA6082 after rotation correction with (red), (yellow), and C (blue).



[bookmark: _Toc404108002]7.6.5 – Difference between the AdstirTM and Filleted techniques for 7xxx-2xxx welds

	The comparison in texture between the AdstirTM and filleted wire filler techniques has been investigated for AA7075-T6 and AA2014/AA2024. This has been demonstrated across the entire DRX relative to the local shear reference frame and is displayed using (011) and (111) PFs but also using ODF sections of ф2=0° and ф2=45° (see figures 7.6.5.A and B. The PFs in figures 7.6.3.A and B are similar, showing <111> texture and reflect the other crystal axis; with their ODFs showing the B and texture components. However, in the C component cannot be detected either by texture component maps or ODF. Both sets of results had weak texture strength with values being barely 2x random for both PFs and ODF. 
	Both sets analysed look at the same weld area and have a vertical column made of AA7075-T6, however their horizontal columns are made of AA2014-T4 for the filleted weld and AA2024-T4 for the AdstirTM weld. The processing conditions of the filleted weld were 125 mm/min and 600 RPM, and the processing conditions for the AdstirTM weld were 125mm/min and 1000 RPM. The difference between the alloy grades is negligible as the last two numerical digits simply describe its position in the series and not it’s atomic composition. The difference between the RPM however means that the AdstirTM weld has undergone a higher thermo-mechanical deformation process compared to the filleted weld. With this in mind the welds are not directly comparable, but there are still some similarities between the two welds that can be discussed.


Figure 7.6.4.A – The (111) and (011) PFs for the entire EBSD data of the Adstir 7075-2024 DRX in the base region after rotation correction (top) and the ODF sections at ф2= 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) for the rotation corrected data set across the entire DRX (bottom).


Figure 7.6.4.B – The (111) and (011) PFs for the entire EBSD data of the Filleted AA7075-AA2014 DRX in the wire filler region after rotation correction (top) and the ODF sections at ф2= 0° and ф2 = 45° (where the y-axis is ф (0-90°), and the x-axis is ф1 (0-360°)) for the rotation corrected data set across the entire DRX (bottom).
	Figures 7.6.3.C and D show the OIM for both AdstirTM and filleted welds relative to IPF and their corresponding PFs based on their respective position in the DRX. Both sets of OIM have undergone rotation correction as described in chapter 4. On the whole both sets of results have a differing overall texture, with texture in the <111> crystal direction (blue) being dominant in the filleted welds but <011> texture being dominant for the AdstirTM weld. While the pole figures do reflect <111> texture in both images, the texture is quite weak, which also reflects the low indexing obtained for each map.


	Figures 7.6.5.E and F show the texture component OIM for the AdstirTM and filleted welds. The texture component maps are set for three components B,, and C which have the respective colours of red, yellow, and blue, and have a spread of 25°. No alternating texture bands can be observed, and instead a sparse distribution of all three components is apparent. Incidentally, both sets of results demonstrate texture components in the same way, and show no order to their texture. Both material sets demonstrated the B//C components, however this is faintly, and once again reflects the low indexing rate for these samples.


	In figures 7.6.5.A and B the respective AdstirTM and filleted weld ODF sections at ф2 = 0° and ф2 = 45° for the entire DRX OIM after rotation corrections can be observed. For both welds the ф2 = 0° region showed no texture, even the C component was not detected. For the ф2 = 45° ODF the B/ components were detected, but once again no evidence of the C component was demonstrated The ODF generally reflects the results shown in figure 7.6.5.E and F which only shows the alternating bands of the B/ components. It is worth noting that the texture detected by the ODF is relatively weak (2x random), which reflects the weak texture shown in all results.
	The differences in overall grain orientation could be attributed to the difference in thermo-mechanical deformation experienced between the two samples. However, the fact that both samples have relatively similar torsion texture indicates that despite these differences, cyclic banding does not take place in either set of results. For these results it could be argued that the aforementioned cyclic change in strain does not take place in the same way for these alloys, which could be attributed to the dissimilar material cross welding. However, taking into account the low indexing and weak texture, the influence of error could also bias the results. All in all, there appears to be little difference in the two techniques of using filleted columns or wire filler in terms of texture or grain size. This in many ways is expected, as the thermo-mechanical deformation process is dominant mechanism for texture formation and dynamic recrystallisation in FSW; the particular means of providing filler material for a weld would likely have little influence on these effects.



Figure 7.6.5.C – EBSD IPF colouring map after correction with respect to ND for an AdstirTM weld (see Figure 7.6.4) and below the map (111) pole figures in 500-600 m steps across the whole AA7075-AA2024 DRX.

Figure 7.6.5.D – EBSD IPF colouring map after correction with respect to ND for a fillet weld (see Figure 7.6.4) and below the map (111) pole figures in 500-600 m steps across the whole AA7075-AA2014 DRX.
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Figure 7.6.5.E – Texture components map for an AdstirTM weld of AA7075-AA2024 after rotation correction with (red), (yellow), and C (blue).
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Figure 7.6.5.F – Texture components map for a fillet weld of AA7075-AA2014 after rotation correction with (red), (yellow), and C (blue).




[bookmark: _Toc404108003]7.7.1 – The blades phenomena and texture
	The ‘blades’ phenomenon appears to be largely unrelated to the texture formation of the material, as indicated by figures 7.7.1.A-C. The figure shows no discrimination in texture whether or not it is located in the blade or non-blade region. There is no change in grain size, nor is there any in terms of orientation, in terms of texture, it is as if the blades do not exist. This gives an interesting insight in terms of what the blades are, and the dominant factor that effects their creation.
	Texture and grain size is a consequence of extreme thermo-mechanical deformation [Su et al. 2003], decided mainly by the strain that the material undergoes. It is clear in this case that in terms of blade formation there is no discrimination in regards to overall thermo-mechanical deformation and strain rate. By using the results discussed earlier in the chapter, this helps to accurately define blades as a material flow phenomena. 
	The blade region has clearly no effect on texture or grain size, but does have a very significant effect on precipitation hardening, as is shown in figure 7.7.1.D. For the AA7075-AA2014 fillet weld the presence of large precipitates (1 micron diameter) is easily detected in the ‘non-blade’ region, and the number of large precipitates in the ‘blade’ region is considerably less. As an average there are 3x as many large precipitates in the non-blade region as the blade region. With post weld reprecipitation, the presence of larger precipitates and consequential precipitate free zones (PFZs), results in a loss of strength in the material. Thus the loss of hardness seen for the AA7075-AA2014 can be described as a precipitation effect – related to the post weld cooling. This is coherent with observation of hardness in the DRX for all the heat-treated alloys, where the hardness is generally higher towards the shoulder, and lowest towards the base.
	The stark contrast in precipitation phenomena in the AA7075-AA2014 materials can be also related to their material composition. It has been established that the non-blade region is made entirely of AA2014-T4, and the blade region is made of AA7075-T6, meaning that both have been subjected to the same thermo-mechanical conditions, but because of the difference in their alloy compositions, their precipitates have formed differently. This is reason for the difference in contrast in the AA6082-T6 hardness profiles, and means the blade and non-blade region - while different - are less pronounced because they are made of the same alloy.
	For the 6082-T6 hardness profiles the difference in hardness between the blade and non-blade regions is once again precipitation phenomena, but is only really apparent toward the base of the DRX. The forward flow of the blade region and the backwards flow of the non-blade region causes a subtle temperature difference, which towards the base region is highly relevant in terms of precipitation. It is worth noting that in the DRX towards the shoulder the difference between the blade and non-blade region is non-existent in terms of hardness, because the cooling rate is so fast due to the shoulder that the subtle temperature difference becomes effectively irrelevant. However, towards the base of the weld DRX - where the shoulder has far less of an effect in terms of cooling - the blades which have a higher temperature demonstrate lower hardness. 
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Figure 7.7.1.A – A microstructure map showing the blade (lighter colour) and non-blade (darker colour) regions for the cross section of the DRX for AA7075-AA2014 (image has undergone shading enhancements).
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Figure 7.7.1.B – An IPF texture OIM for the cross section of the DRX for AA7075-AA2014.
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Figure 7.7.1.C – An IPF texture overlay on a microstructure map showing the blade (lighter colour) and non-blade (darker colour) regions for the cross section of the DRX for AA7075-AA2014.
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Figure 7.7.1.D – A macro-graphic image of the ‘blade’ and ‘non-blade’ regions for a section of the DRX for AA7075-AA2014
	The variation in precipitate hardening for heat treated single alloy welds is noteworthy but would have little effect in terms of the overall weld microstructural properties. However, for dissimilar alloys this can be very pronounced, especially depending on the two alloys being welded together. It is also worth noting that because the blade region will be made exclusively of one alloy and the non-blade region of another, this will be the biggest cause for difference in material strength and other properties.


[bookmark: _Toc404108004]7.8.1 – Summary
	This chapter has covered the effect of the various variables investigated in this work on the macro/microstructure, hardness, and crystallographic texture of SSFSW and SSCFSW aluminium alloys. The conclusion of the research based on the discussion presented in this chapter will be finalised in the next chapter.


Chapter 8 – Conclusions
[bookmark: _Toc404108005]8.1 – Introduction
	A comprehensive analysis of the microstructure, crystallographic texture, and hardness properties of SSCFSW and SSFSW aluminium alloys has been achieved. Numerous variables have been considered such as tool design, traverse speed, rotation rate, and alloy composition, with their effect on overall weld properties quantified. The macro and micro structural properties of SSCFSW, its crystallographic texture, and the conclusions drawn are covered below.
[bookmark: _Toc404108006]8.2 – The macrostructural and microstructural properties of SSCFSW aluminium
	The most significant novel discovery was the “Blades” phenomena. The same tool was used throughout the entire welding process, and every SSCFSW that was produced had nugget shape that was divided into a blade and non-blade regions. The type of alloy used, particularly if there are two dissimilar alloys being welded together, had a significant effect on the properties of the blade and non-blade regions. For AA6082-T6 and AA5083-0, the blades and non-blade regions were only different on the basis of optical vision, the cross welded AA7075-AA2024 were different on the basis of material composition and consequential hardness profiles. By adding additional dissimilar materials to a SSCFSW distribution into blade and non-blade regions can be expected, such as a 99% pure copper tracer into the blade regions of AA6082-T6.
	In SSFSW the tool is dominant deformation mechanism and is responsible for the blades effect. The stationary shoulder has a slight ironing effect at the top of the weld surface and behaves as a heat sink. Besides this factor, it has little other effect on the weld, thus the SSCFSW is very heavily tool probe dominated. As a result of the SSCFSW being heavily tool probe dominated the TMAZ is small, and has a width of less than 1mm in the 8mm width weld. The tool used was threaded evenly with each side having 8 sharp protrusions, this was reflected in the number of blades detected when copper tracers were used as 16 blades could be clearly identified.
The blades effect is strongly linked to the flow direction of the material during welding. The AS interface was sharp in contrast to the RS interface which was diffuse. This effect is related to transition regions of the respective sides, with the AS having a far narrower transition region compared to that of the RS. The blade effect starts at the AS and ends just before the RS, indicating a relationship between transition regions and the blades effect. This also indicates that blades are a linked to the AS and non-blade regions are a more linked to the RS.
Grain size and dynamic recrystalisation have little bearing on the blades phenomena. Fine grain microstructure was observed throughout the DRX for all SSCFSW, and there is no discrimination in the size of grains whether they are in the blade or non-blade region. The grain size observed was uniform across the weld region, which is expected from a parallel tool. The recrystallisation mechanism expected to be responsible for the grain size refinement in the DRX for SSCFSW is GDRX.
[bookmark: _Toc404108007]8.3 – The mechanical properties of SSCFSW aluminium
SSCFSW demonstrate very similar mechanical properties and microstructural zones to other conventional FSW aluminium alloys. The heat-treated precipitation hardened alloys saw a loss of hardness throughout the stirred zone and the surrounding area. This is expected to be a result of the high temperatures that the weld experiences which causes the dissolution and coarsening of hardening precipitates. This softening effect is primarily related to temperature, which is achieved by the friction caused by rotation rate and traverse speed. By increasing rotation rate, decreasing traverse speed, or combinations of both, the heat input can be increased. The precipitation hardened alloys see some recovery of hardness within the DRX due to grain refinement and reprecipitation of the hardening phases post welding.
The response of heat treated and non-heat treated aluminium alloys during the SSCFSW process is consistent with other FSW techniques. The hardness profile of the heat-treated alloys showed a drop in hardness as it approached the stirred region, followed by some recovery across the DRX, and then a loss of hardness as it traversed the second HAZ before recovering fully. This is expected as the heat treated alloys see the greatest loss of hardness in the HAZ due to precipitate coarsening and dissolution. The hardness profile of the solution treated AA5083-0 SSCFSW showed a slight increase of hardness within the DRX. This is expected to be related to the grain refinement that takes place within the DRX causing a slight increase in hardness.
The SEM results confirmed that the blade regions and the non-blade regions had sharp transitions between each other and were chemically different. The SEM results also confirmed the existence of the second phase particles post welding that contributes to precipitation hardening. The SEM analysis further confirmed that the copper tracers were confined to the blade regions and weren’t present at all in the non-blade regions.
[bookmark: _Toc404108008]8.4 – The crystallographic texture of SSCFSW aluminium
	The crystallographic texture across the DRX was considered both for the blade and non-blade regions, and all aluminium alloys were investigated. The crystallographic texture was concurrent with other texture that has been dominated by a tool probe, and therefore the weld region is dominated by shear caused by the tool pin rotation. Methodologies previously developed in order to analyse the texture with respect to the shear plane normal and the shear direction caused by the probe at every location within the DRX were employed.



For 6082-T6 and 5083-0 SSCFSW the texture throughout the DRX is dominated by simple shear texture with / components dominating with some C component. For the AA7075-AA2024 welds no clear alternations in banding were observed for the B,, or C components. The alternating texture component bands for the 5083-O samples were well defined at the centre but became more diffuse further away from the centre. The alternating texture component bands observed for 6082-T6 samples were sharp towards the AS and centre of the weld region, but became more diffuse towards the RS. The texture results for the 7075-2024 samples were relatively weak, which could easily be the cause for the lack of consistency with the other welds. The texture observed is similar to other thick section FSW which are dominated by the tool probe and not the shoulder. The texture of the material was unaffected by whether or not it was in a blade or non-blade region within the DRX.

Chapter 9 – Future work
[bookmark: _Toc404108009]9.1 – Introduction
	In this chapter the further research suggested to be investigated for SSCFSW aluminium and further characterisation of the blades phenomena is discussed below.
[bookmark: _Toc404108010]9.2 – The future SSCFSW of aluminium
	The basis for good research is consistency for both experimental procedure and in the samples that are compared. In order to make full and fair comparison, only one variable must be varied i.e. traverse speed, while all other parameters must be kept the same. In order to further justify the research already undertaken but also to add depth and understanding to other areas, the following points are recommended for further research.
1. The biggest ambiguity related to this research is that of tool design, and how its variation would affect the shape of the nugget and whether or not the said blades phenomena would even arise if the tool design varied. The research already performed in this project has ascertained that the threads on the tool are directly related to the presence of blades, but no other tool designs were used, meaning this claim cannot be fully justified. The use of non-threaded SSCFSW tools would reveal more about this effect and how closely related to tool design to this phenomena is.
2. For threaded tools, the effect of removing and adding additional threads is also of interest, as on one side of the tool there are 8 threads, which corresponded in some cases to 16 blades. The difference between thread pitch could also be varied, which would likely also affect the blade phenomena.
3. While two dissimilar alloys were cross welded, the parameters by which this was done were limited, and the effect of many other alloy grades remains unknown. Cross welding between further heat-treated alloys would be of interest, and doing this at a wider range of parameters – namely traverse and rotation speed. A larger depth of knowledge in terms of material flow preference could be obtained using this research, and whether or not better intermixing between alloys could be achieved.
4. Material thickness would is an area of important research, as in all cases for this research the material thickness as 8mm for both the vertical and horizontal columns. Thick section SSCFSW has significant implications for industry, particularly for the production of train cars and thick section fuselages in planes. Thin section SSCFSW also has significant implication in industry, as low as 1mm thick plates, would be of interest to aerospace applications such as stringers.
[bookmark: _Toc404108011]9.2 – The characterisation of SSCFSW
	Extensive amounts of EBSD analysis was performed in order to obtain the crystallographic texture of the various samples analysed during this project, focused specifically on the DRX and its texture. However there were several ambiguities left relating to texture in the alloys investigated, that would benefit from additional research.
1. Texture analysed was in the DRX spanning from the AS to the RS and usually contained both the blade and non-blade region. There was no clear distinction on grain size or texture for these two sub-regions within the DRX, however this is not entirely justifiable without doing further vertical EBSD analysis, and entire DRX analysis amongst alloys. Further mapping is required to confirm this categorically, and with different samples that have more varied process parameters
2. 
The alternating texture bands of B/ were observed in the AA5083-0 and AA6082-T6 samples, but not in the AA7075-AA2024 samples. Based on the low indexing and contrasting results, further research into the banding phenomena for the 7xxx and 2xxx series aluminium alloys would be beneficial. Poor indexing may be the cause for the complete contrast to other EBSD results, or these two alloys may have differing response to the FSW deformation process, which is worth further investigating.


[bookmark: _Toc404108012]Appendix A – FSW welding data
7075-2014 Welds
Low energy Input - 125mm/min traverse speed
Figure 1 – First Weld 7075-T6/2014-T4 for traverse speed 125 mm/min

Figure 2 – Second Weld 7075-T6/2014-T4 for traverse speed 125 mm/min
High energy input - 50mm/min traverse speed

Figure 3 – First Weld 7075-T6/2014-T4 for traverse speed 50 mm/min

Figure 4 – Second Weld 7075-T6/2014-T4 for traverse speed 50 mm/min


6082-T6 Welds
Traverse Speeds 100-300mm/min

Figure 5 – First Weld 6082-T6 for traverse speed 100 mm/min

Figure 6 – First Weld 6082-T6 for traverse speed 150 mm/min


Figure 7– First Weld 6082-T6 for traverse speed 200 mm/min

Figure 8 – First Weld 6082-T6 for traverse speed 250 mm/min

Figure 9 – First Weld 6082-T6 for traverse speed 300 mm/min
5083-0 Welds

Figure 10 – First Weld 5083-T6 for traverse speed 125 mm/min
[bookmark: _Toc404108013]Appendix B – EDAX plots for copper tracer samples
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Figure 10 – Site 2 Point 1
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Figure 12 – Site 2 Point 3
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Figure 13 – Site 2 Point 4
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Figure 14 – Site 2 Point 5
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Figure 18 – Site 3 Point 1
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Figure 24 – Site 3 Point 7
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UF Kocks, CN Tomé, HR Wenk - Cambridge University Press, Texture and anisotropy: Preferred orientations in polycrystals and their effect on materials properties, 1998
Kocks, U. F., Tomé, C. N., & Wenk, H. R. (Eds.). (2000). Texture and anisotropy: preferred orientations in polycrystals and their effect on materials properties. Cambridge University Press.
K.N. Krishnan, “On the Formation of Onion Rings in Friction Stir Welds,” Materials Science and Engineering: A, 327 (2002), 246–251 <doi:10.1016/S0921-5093(01)01474-5>.
K. Kumar and Satish V. Kailas, “The Role of Friction Stir Welding Tool on Material Flow and Weld Formation,” Materials Science and Engineering: A, 485 (2008), 367–374 <doi:10.1016/j.msea.2007.08.013>.
Kwon, Saito and Shigematsu, “Friction Stir Process as a New Manufacturing Technique of Ultrafine Grained Aluminum Alloy”, 2002, 1473–1476.
Y Kwon, Saito, Shigematsu, “Mechanical Properties of Fine-Grained Aluminum Alloy Produced by Friction Stir Process,” Scripta Materialia, 49 (2003), 785–789 <doi:10.1016/S1359-6462(03)00407-X>.
R.M. Leal and others, “Material Flow in Heterogeneous Friction Stir Welding of Thin Aluminium Sheets: Effect of Shoulder Geometry,” Materials Science and Engineering: A, 498 (2008), 384–391 <doi:10.1016/j.msea.2008.08.018>.
Lee, W. B., & Jung, S. B. (2004). The joint properties of copper by friction stir welding. Materials Letters, 58(6), 1041-1046.
Xiao-peng Liang and others, “Study on the Microstructure in a Friction Stir Welded 2519-T87 Al Alloy,” Materials & Design, 35 (2012), 603–608 <doi:10.1016/j.matdes.2011.10.009>.
T.J. Lienert and R.J. Grylls, “Microstructural Evolution in Friction Stir Welds on 6061-T651”, 2000, 1–10.
William D Lockwood, Borislav Tomaz and a.P Reynolds, “Mechanical Response of Friction Stir Welded AA2024: Experiment and Modeling,” Materials Science and Engineering: A, 323 (2002), 348–353 <doi:10.1016/S0921-5093(01)01385-5>.
Z.Y Ma, R.S Mishra and M.W Mahoney, “Superplastic Deformation Behaviour of Friction Stir Processed 7075Al Alloy,” Acta Materialia, 50 (2002), 4419–4430 <doi:10.1016/S1359-6454(02)00278-1>.
M W Mahoney and others, “Properties of Friction-Stir-Welded 7075 T651 Aluminum,” 29 (1998).
JP Martin and Wallis Way, “NOVEL TECHNIQUES FOR CORNER JOINTS USING FRICTION STIR,” Friction Stir Welding and Processing VI, 2011 <http://books.google.com/books?hl=en&lr=&id=GGrkxFcNHHEC&oi=fnd&pg=PA179&dq=NOVEL+TECHNIQUES+FOR+CORNER+JOINTS+USING+FRICTION+STIR&ots=U-aPTYRJ6f&sig=33YMoRAhHaBephm0bNbv1bksSfM> [accessed 1 October 2013].
J C Mcclure and others, “Effect of Pin Tool Shape on Metal Flow During Friction Stir Welding”, 2002.
McFadden and others, “Low Temperature Superplasticity in Nanostructured Nickel and Metal Alloys”, 1999.
H J Mcqueen, “Elevated-Temperature Deformation at Forming Rates of 10 Ϫ2 to 10 2 s Ϫ1,” 33 (2002).
M P Miles, B J Decker and T W Nelson, “Formability and Strength of Friction-Stir-Welded Aluminum Sheets,” 35 (2004), 3461–3468.
R.S. Mishra and Z.Y. Ma, “Friction Stir Welding and Processing,” Materials Science and Engineering: R: Reports, 50 (2005), 1–78 <doi:10.1016/j.mser.2005.07.001>.
RS Mishra, WH Bingel, CC Bampton, MW Mahoney, Friction stir processing: a tool to homogenize nanocomposite aluminum alloys- Scripta Materialia- Pergamon, 2001 
Mishra, R. S., Mahoney, M. W., McFadden, S. X., Mara, N. A., & Mukherjee, A. K. (1999). High strain rate superplasticity in a friction stir processed 7075 Al alloy. Scripta Materialia, 42(2), 163-168. 
Mishra, R. S., & Mahoney, M. W. (Eds.). (2007). Friction stir welding and processing. ASM International.
Montheillet, F., Gilormini, P., & Jonas, J. J. (1985). Relation between axial stresses and texture development during torsion testing: a simplified theory.Acta Metallurgica, 33(4), 705-717. 
Montheillet, F., Cohen, M., & Jonas, J. J. (1984). Axial stresses and texture development during the torsion testing of Al, Cu and α-Fe. Acta Metallurgica,32(11), 2077-2089. 
Hono, K., Ohnuma, M., Murayama, M., Nishida, S., Yoshie, A., & Takahashi, T. (2001). Cementite decomposition in heavily drawn pearlite steel wire. Scripta materialia, 44(6), 977-983.
R Nandan, T Debroy and H Bhadeshia, “Recent Advances in Friction-Stir Welding – Process, Weldment Structure and Properties,” Progress in Materials Science, 53 (2008), 980–1023 <doi:10.1016/j.pmatsci.2008.05.001>.
Nishikawa, S., & Kikuchi, S. (1928). Diffraction of Cathode Rays by Calcite.Nature, 122, 726. 
Schneider, J. A., & Nunes Jr, A. C. (2002). Thermo-mechanical processing in friction stir welds. 
Polmear, I. J. (2006). Light metals: from traditional alloys to nanocrystals.Elsevier, Oxford.
P.B. Prangnell and C.P. Heason, “Grain Structure Formation During Friction Stir Welding Observed by the ‘stop Action Technique’,” Acta Materialia, 53 (2005), 3179–3192 <doi:10.1016/j.actamat.2005.03.044>.
Randle, V., & Engler, O. (2000). Introduction to texture analysis: macrotexture, microtexture and orientation mapping. CRC Press.
Randle, V., & Randle, V. (2003). Microtexture determination and its applications.
V Randle, “Application of Electron Backscatter Diffraction to Grain Boundary Characterisation,” 49 (2004), 1–11 <doi:110.1179/095066004225010514>.
S.R. Ren, Z.Y. Ma and L.Q. Chen, “Effect of Welding Parameters on Tensile Properties and Fracture Behavior of Friction Stir Welded Al–Mg–Si Alloy,” Scripta Materialia, 56 (2007), 69–72 <doi:10.1016/j.scriptamat.2006.08.054>.
C Rhodes, “Fine-Grain Evolution in Friction-Stir Processed 7050 Aluminum,” Scripta Materialia, 48 (2003), 1451–1455 <doi:10.1016/S1359-6462(03)00082-4>.
H A Rubisoff and others, “Control of Structure in Conventional Friction Stir Welds through a Kinematic Theory of Metal Flow”, 2009.
Shercliff, H. R., Russell, M. J., Taylor, A., & Dickerson, T. L. (2005). Microstructural modelling in friction stir welding of 2000 series aluminium alloys.Mecanique & Industries, 6(01), 25-35.
M. a. Safarkhanian, M. Goodarzi and S. M. a. Boutorabi, “Effect of Abnormal Grain Growth on Tensile Strength of Al–Cu–Mg Alloy Friction Stir Welded Joints,” Journal of Materials Science, 44 (2009), 5452–5458 <doi:10.1007/s10853-009-3735-x>.
Yutaka S Sato and others, “Precipitation Sequence in Friction Stir Weld of 6063 Aluminum During Aging,” 30 (1999), 3125–3130.
Yutaka S Sato, Seung Hwan C Park and Hiroyuki Kokawa, “Microstructural Factors Governing Hardness in Friction-Stir Welds of Solid-Solution-Hardened Al Alloys,” 32 (2001), 3033–3042.
Yutaka S Sato, Mitsunori Urata and Hiroyuki Kokawa, “Parameters Controlling Microstructure and Hardness During Friction-Stir Welding of Precipitation-Hardenable Aluminum Alloy 6063,” 33 (2002), 625–635.
Park, S. H. C., Sato, Y. S., & Kokawa, H. (2003). Effect of micro-texture on fracture location in friction stir weld of Mg alloy AZ61 during tensile test. Scripta Materialia, 49(2), 161-166. 
Mironov, S., Sato, Y. S., Kokawa, H., Inoue, H., & Tsuge, S. (2011). Structural response of superaustenitic stainless steel to friction stir welding. Acta Materialia, 59(14), 5472-5481. 
Sato, Y. S., & Kokawa, H. (1999). Preferential precipitation site of sigma phase in duplex stainless steel weld metal. Scripta Materialia, 40(6), 659-663.
Shindo, D. J., Rivera, A. R., & Murr, L. E. (2002). Shape optimization for tool wear in the friction-stir welding of cast AI359-20% SiC MMC. Journal of materials science, 37(23), 4999-5005.
Schneider, J. A., Nunes Jr, A. C., Chen, P. S., & Steele, G. (2005). TEM study of the FSW nugget in AA2195-T81. Journal of materials science, 40(16), 4341-4345.
Judy Schneider, Ronald Beshears and Arthur C. Nunes, “Interfacial Sticking and Slipping in the Friction Stir Welding Process,” Materials Science and Engineering: A, 435-436 (2006), 297–304 <doi:10.1016/j.msea.2006.07.082>.
Scialpi, A., De Filippis, L. A. C., & Cavaliere, P. (2007). Influence of shoulder geometry on microstructure and mechanical properties of friction stir welded 6082 aluminium alloy. Materials & design, 28(4), 1124-1129.
a. Scialpi, L.a.C. De Filippis and P. Cavaliere, “Influence of Shoulder Geometry on Microstructure and Mechanical Properties of Friction Stir Welded 6082 Aluminium Alloy,” Materials & Design, 28 (2007), 1124–1129 <doi:10.1016/j.matdes.2006.01.031>.
Shan Torng et al. 2009, (International patent), Manufacturing method of metal matrix composite using friction stir welding, US7905383 B1, 2009
a. K. Shukla and W. a. Baeslack, “Orientation Relationships and Morphology of S Phase in Friction Stir Welded Al–Cu–Mg Alloy,” Journal of Materials Science, 44 (2009), 676–679 <doi:10.1007/s10853-008-3212-y>.
a. Squillace and others, “A Comparison Between FSW and TIG Welding Techniques: Modifications of Microstructure and Pitting Corrosion Resistance in AA 2024-T3 Butt Joints,” Journal of Materials Processing Technology, 152 (2004), 97–105 <doi:10.1016/j.jmatprotec.2004.03.022>.
J.-Q Su and others, “Microstructural Investigation of Friction Stir Welded 7050-T651 Aluminium,” Acta Materialia, 51 (2003), 713–729 <doi:10.1016/S1359-6454(02)00449-4>.
Su, J. Q., Nelson, T. W., & Sterling, C. J. (2005). Friction stir processing of large-area bulk UFG aluminum alloys. Scripta materialia, 52(2), 135-140.
Su, J. Q., Nelson, T. W., & Sterling, C. J. (2006). Grain refinement of aluminum alloys by friction stir processing. Philosophical Magazine, 86(1), 1-24.
M.a Sutton and others, “Microstructural Studies of Friction Stir Welds in 2024-T3 Aluminum,” Materials Science and Engineering: A, 323 (2002), 160–166 <doi:10.1016/S0921-5093(01)01358-2>.
Thomas, W. M., E. D. Nicholas, J. C. Needham, M. G. Murch, P. Templesmith and C.
J. Dawes (December 1991). G.B. Patent Application No.9125978.8. 
Thomas, W. M., & Nicholas, E. D. (1997). Friction stir welding for the transportation industries. Materials & Design, 18(4), 269-273.
Thomas, W. M., Threadgill, P. L., & Nicholas, E. D. (1999). Feasibility of friction stir welding steel. Science and Technology of Welding & Joining, 4(6), 365-372. 
Thomas, W. M., Nicholas, E. D., Watts, E. R., & Staines, D. G. (2002, July). Friction based welding technology for aluminium. In Materials Science Forum(Vol. 396, pp. 1543-1548). 
TWI, Special FSW news bulletin, 2003
TWI, Special FSW news bulletin, 2010
Uematsu, Y., Tokaji, K., Tozaki, Y., Kurita, T., & Murata, S. (2008). Effect of re-filling probe hole on tensile failure and fatigue behaviour of friction stir spot welded joints in Al–Mg–Si alloy. International Journal of Fatigue, 30(10), 1956-1966.
Y. Uematsu and others, “Fatigue Behaviour of Friction Stir Welds Without Neither Welding Flash nor Flaw in Several Aluminium Alloys,” International Journal of Fatigue, 31 (2009), 1443–1453 <doi:10.1016/j.ijfatigue.2009.06.015>.
Vilaça, P., & Thomas, W. (2012). Friction stir welding technology. In Structural Connections for Lightweight Metallic Structures (pp. 85-124). Springer Berlin Heidelberg. 
Weertman  J. R, Agnew, S. R., Vinogradov, A. Y., & Hashimoto, S., (1999). Overview of fatigue performance of Cu processed by severe plastic deformation. Journal of Electronic Materials, 28(9), 1038-1044.
Xu, S., Deng, X., Reynolds, A. P., & Seidel, T. U. (2001). Finite element simulation of material flow in friction stir welding. Science and Technology of Welding & Joining, 6(3), 191-193. 
Xu, J., Vaze, S. P., Ritter, R. J., Colligan, K. J., & Pickens, J. R. (2003). Experimental and numerical study of thermal process in friction stir welding.Joining of Advanced and Specialty Materials VI.
W.F. Xu, J.H. Liu and D.L. Chen, “Material Flow and Core/multi-Shell Structures in a Friction Stir Welded Aluminum Alloy with Embedded Copper Markers,” Journal of Alloys and Compounds, 509 (2011), 8449–8454 <doi:10.1016/j.jallcom.2011.05.118>.
Bangcheng Yang and others, “Banded Microstructure in AA2024-T351 and AA2524-T351 Aluminum Friction Stir Welds,” Materials Science and Engineering: A, 364 (2004), 55–65 <doi:10.1016/S0921-5093(03)00532-X>.
a. Yazdipour, a. Shafiei M and K. Dehghani, “Modeling the Microstructural Evolution and Effect of Cooling Rate on the Nanograins Formed During the Friction Stir Processing of Al5083,” Materials Science and Engineering: A, 527 (2009), 192–197 <doi:10.1016/j.msea.2009.08.040>.
R Zettler and others, “EFFECT OF TOOL GEOMETRY AND PROCESS PARAMETERS ON MATERIAL FLOW IN FSW OF AN AA 2024-T351 ALLOY,” 49 (2005), 41–46.
Zhang, D., Suzuki, M., & Maruyama, K. (2005). Microstructural evolution of a heat-resistant magnesium alloy due to friction stir welding. Scripta materialia,52(9), 899-903.
Zhang, Z., Liu, Y. L., & Chen, J. T. (2009). Effect of shoulder size on the temperature rise and the material deformation in friction stir welding. The International Journal of Advanced Manufacturing Technology, 45(9-10), 889-895.
LI, J. Y., & ZHAO, Y. (2004). Weldability and Friction-stir-welding of Particles Reinforced Aluminum Metal Matrix Composites [J]. Development and Application of Materials, 6, 009.
Y.-H. Zhao and others, “Influence of Pin Geometry on Material Flow in Friction Stir Welding Process,” Materials Science and Technology, 22 (2006), 45–50 <doi:10.1179/174328406X78424>.
Caizhi Zhou, Xinqi Yang and Guohong Luan, “Fatigue Properties of Friction Stir Welds in Al 5083 Alloy,” Scripta Materialia, 53 (2005), 1187–1191 <doi:10.1016/j.scriptamat.2005.07.016>.

First Weld 7075-2014 (125mm/min) 
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Traverse Speed (mm/min), Distance Travelled (mm), Spindle Speed (rpm), Z Axis Position (mm)

Down and Traverse Force (kN), Torque (Nm)



Second Weld 7075-2014 (125mm/min) 
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Traverse Speed (mm/min), Distance Travelled (mm), Spindle Speed (rpm), Z Axis Position (mm)

Down and Traverse Force (kN), Torque (Nm)



First Weld 7075-2014 (50mm/min) 
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Traverse Speed (mm/min), Distance Travelled (mm), Spindle Speed (rpm), Z Axis Position (mm)

Down and Traverse Force (kN), Torque (Nm)



Second Weld 7075-2014 (50mm/min) 
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Traverse Speed (mm/min), Distance Travelled (mm), Spindle Speed (rpm), Z Axis Position (mm)

Down and Traverse Force (kN), Torque (Nm)



First Weld 6082-T6 (100mm/min) 
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Traverse Speed (mm/min), Distance Travelled (mm), Spindle Speed (rpm), Z axis Position (mm), Z axis Velocity (mm/min)
Force (kN), Torque (Nm)
First Weld 6082-T6 (150mm/min) 
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Traverse Speed (mm/min), Distance Travelled (mm), Spindle Speed (rpm), Z axis Position (mm), Z axis Velocity (mm/min)
Force (kN), Torque (Nm)
First Weld 6082-T6 (200mm/min) 
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Traverse Speed (mm/min), Distance Travelled (mm), Spindle Speed (rpm), Z axis Position (mm), Z axis Velocity (mm/min)
Force (kN), Torque (Nm)
First Weld 6082-T6 (250mm/min) 
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Traverse Speed (mm/min), Distance Travelled (mm), Spindle Speed (rpm), Z axis Position (mm), Z axis Velocity (mm/min)
Force (kN), Torque (Nm)
First Weld 6082-T6 (300mm/min) 
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Traverse Speed (mm/min), Distance Travelled (mm), Spindle Speed (rpm), Z axis Position (mm), Z axis Velocity (mm/min)
Force (kN), Torque (Nm)
First Weld 5083-T6 (125mm/min) 
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