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ABSTRACT 

PROBLEM - The bobbin friction stir welding (BFSW) process has potential benefits for 

welding thin sheet aluminium alloy. The main benefits of friction stir welding over 

conventional thermal welding processes are minimisation of energy usage, no need for 

consumables, potential for good weld quality without porosity, no fumes, minimal 

adverse environmental effects (green), minimal waste (lean), and reduced threats to 

personal health and safety. The BFSW process has further advantages over conventional 

friction stir welding (CFSW) in the reduction of welding forces, faster welding, and less 

fixturing. It is especially attractive to industries that join thin sheet material, e.g. boat-

building. The industrial need for this project arose from the desire to apply the 

technology at a ship manufacturing company, INCAT located in Hobart, Tasmania, 

Australia. However there are peculiar difficulties with the specific grade of material used 

in this industry, namely thin sheet aluminium Al6082-T6. Early efforts with a portable 

friction stir welding machine identified the process to have low repeatability and 

reproducibility, i.e. process-instability. There are a large number of process variables and 

situational factors that affect weld quality, and many of these are covert. This is also the 

reason for divergent recommendations in the literature for process settings. PURPOSE - 

The main purpose of this research was to identify covert variables and better understand 

their potentially adverse effects on weld quality. Therefore, this thesis investigated the 

hidden variables and their interactions. Developing this knowledge is a necessity for 

making reliable and repeatable welds for industrial application. APPROACH - An 

explorative approach that focused on the functional perspective was taken. An extensive 

empirical testing programme was undertaken to identify the variables and their effects. In 

the process a force platform and BFSW tools were designed and built. A variety of 

machine platforms were used, namely portable friction stir welding, manual milling 

machine and computer numerical control (CNC) milling machine.  The trials were 

grouped into 14 test plans. These are tool shoulder gap, spindle and travel speed, tool 

features, machines, tool fixation, machinery, welding direction, plate size (width and 

dimension), support insulation, tool materials, substrate properties and fixation. For the 

welded plates besides visual inspection of the weld, current, force, and temperature were 

measured. The Fourier transform was used to analyse the frequency response of 

machines. Also the welded samples were tested to the maritime standards of Det Norske 
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Veritas (DNV). A number of relationships of causality were identified whereby certain 

variables affected weld quality. A model was developed to represent the proposed 

causality using the IDEF0 systems engineering method. FINDINGS - From these trials 

six main variables have been identified. These are tool features, spindle speed, travel 

speed, shoulder gap compression, machine variability, tool and substrate fixation. A rigid 

system is required for a consistent weld results. Under this condition, full pin features 

(threads and flats) need to be used to balance the adverse effects of individual features. It 

has been shown that fabricated bobbin tools with sharp edges can cause cuts and digging 

thus this feature should be avoided. Additionally, the substrate should have continuous 

interaction with the tool so the shoulder interference needs to be fixed and well-

controlled. It is found that the compression generated by the shoulder towards the 

substrate helps material grabbing for better tool-substrate interaction. It is also shown that 

tool entry causes ejection of material and hence an enduring mass deficit, which 

manifests as a characteristic tunnel defect. The new explanation of the formation, origin 

and location of this defect has been explained. Material transportation mechanisms 

within the weld have been elucidated. It is also found that the role of the travel speed is 

not only to control heat generation but also for replacing the deficit material. 

Additionally, heat supplied to the weld depends not only on thickness, but also the width 

of the plate. Different types of machine cause an interaction in the material flow through 

their controller strategies. Jerking motion can occur at a slow travel speed, which also 

alters the way material is being transported. The Fourier transform (FFT) has been used 

to identify the characteristics of good and bad BFSW welds. This has the potential to be 

expanded for real-time process control.  IMPLICATIONS - Tool deflection and 

positioning, material flow and availability are identified as affecting weld quality through 

stated mechanisms. The impact is even more severe when involving thin-plate 

aluminium. For the industry to successfully adopt this technology the process typically 

needs tight control of shoulder gap, tool strength and stiffness, feature fabrication, 

substrate and tool fixation. Additionally spindle and travel speed need to be adjusted not 

only based on the type of materials and thickness, but also the width, type of machine 

and method of tool entry. ORIGINALITY - New data are presented, which lead to new 

insights into the welding mechanics, production settings, material transportation and 

weld defects for BFSW on thin sheet material. The conventional idea that the welding 
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tool has a semi-steady interaction with the substrate is not supported. Instead the 

interaction is highly dynamic, and this materially affects the weld-quality, especially in 

the difficult-to-weld material under examination. Factors such as shoulder gap, tool and 

substrate fixation compliance and machine types emerge as variables that need to be 

given attention in the selection of process parameters. The causal relationships have been 

represented in a conceptual model using an IDEF0 system approach. This study has made 

several original contributions to the body of knowledge. First is the identification of 

previously hidden variables that effect weld formation for the fixed gap BFSW process. 

The second contribution is a new way of understanding the material transportation 

mechanics within the weld.  This includes the flow around the pin in the plane of the 

weld, the vertical transportation of material up the pin, the formation of turbulent-like 

knit lines at the advancing side, and the formation of tunnel defects. Also included here is 

a new understanding of how material deficit arises at tool entry and exit, and from 

flash/chips, and how this contributes to the tunnel weld defect. In addition, new 

understandings of the role of feed rate have been identified. Related to the material 

transportation, the work has also identified the importance of an interference fit between 

the substrate and tool. A third contribution is the identification of the dynamic interaction 

between tool and substrate. This identifies the important role rigidity plays. Associated 

with this is the identification of frequency characteristics of the motors under load. The 

fourth contribution is identification of the specific process settings for the difficult-to-

weld material of AL6082-T6. The fifth contribution is the development of a novel 

method of fabricating bobbin friction stir welding tools as embodied in a patent 

application.  
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CHAPTER 1 

INTRODUCTION 

  

1.1 CONTEXT  

Friction stir welding (FSW) as shown in Figure 1. 1(a) is an emerging solid state joining 

technique that was invented at The Welding Institute (TWI) of United Kingdom in 1991. 

It represents an alternative welding technology process over fusion welding, e.g. 

Tungsten inert gas welding (TIG) and metal inert gas welding (MIG), Figure 1. 1(b). 

These traditional joining techniques require close process monitoring, high energy 

consumption and labour involvement, and potentially provided poorer welded joints 

which require post processing work. This can be easily overcome by a FSW method. 

FSW also has the significant benefit of producing negligible fumes, no waste (slag), and 

no electromagnetic radiation (arc), and has thus sometimes been termed ‘green’ welding 

for its low environmental impact.  

The technology has been relatively well developed for welding thick plates from one 

side. The most common application is to the joining of aluminium materials. However, it 

is still a specialised form of welding, and there are significant technological and process 

obstacles to be overcome for the wider adoption of FSW. There are particular issues 

regarding thin sheet material – which is a common joining situation in the fabrication 

industries- and certain types of materials. The reasons for the poor performance of FSW 

in these situations are poorly understood.  

A typical industry that is a potential user of FSW technology is the shipbuilding industry. 

Many ships, such as fast ferries and light coast guard craft, are fabricated from 

aluminium for lightness. The material is in thin sheets and a large amount of welding is 

required. This having significant causes both financially and in terms of environmental 

impact. There is the potential for FSW technology to significantly improve these 

production aspects. Unfortunately, thin plate of a marine grade aluminium alloys is 
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particularly problematic to weld with a fixed bobbin tool of FSW. This is the problem to 

which this thesis is addressed.  

The specific industrial impetus for this project came from a ship manufacturing company, 

INCAT located in Hobart, Tasmania, Australia. They build lightweight ships of various 

sizes for ferry operators, special service providers, and navies. One of INCAT’s world 

leading products is the Wave Piercing Catamaran, see Figure 1. 2. INCAT has a 

dedicated 70,000 m
2
 undercover production halls in Tasmania which can handle up to six 

vessels simultaneously in two dry-docks. This facility includes the ability to house 

construction of larger vessels of up to 112 metres in length [1]. To manufacture large and 

high performance ocean-going vessels requires high quality welding that complies with 

the strict maritime standards of Det Norske Veritas (DNV). At the same time, customer 

demands dictate short lead times and value for money. Due to these drivers, INCAT is 

constantly looking to develop and refine its fabrication and welding practices. They had a 

need to develop new tooling and welding procedures to achieve high weld quality at high 

deposition rates and at less cost and with less environmental impact. 

 At present traditional welding methods are widely used across INCAT’s facility. By 

adopting a FSW technique, INCAT can potentially achieve their intention of reducing 

cost through minimum labour, material and production time as well as improving quality 

at similar or higher strength than the traditional joining method. The reasons being that 

because there are no requirements for shielding gases, fillers and additional preweld 

preparation or cleaning processes [2-4].  Moreover the technology is regarded as a green 

technology, which gives additional advantage to INCAT’s eco-operations intention.  
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Figure 1. 1: Welding Technology (a) Friction stir welding (FSW) process [5]  

(b) Metal inert gas welding [6]. 

 

 

 

 

 

 

 

Figure 1. 2: Wave Piercing Catamarans [7]. 

 

1.2 CHARACTERISTICS OF FSW 

A defining characteristic of the FSW process is that frictional heat is generated between 

the wear resistant non-consumable welding tool shoulder and pin (Figure 1. 3), and the 

material of the workpieces. Under idealized conditions, there are three source of heat 

generated: (a) heat from the mechanical mixing process, (b) swirling based material flow 

and (c) surrounding temperature. These cause the stirred materials to be softened and 

mixed [8]. The bonding is considered a solid state process, since the materials are not 

melted. Material flows which occur underneath the tool shoulder are similar to a forging 

process while the material flows around the tool pin mimic an extrusion process [9].    
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The key benefits of friction stir welding can be categorised in three ways, Mishra and  

Ma [9], as shown in Table 1 1. Additional benefits besides those listed in Table 1 are that 

FSW has the capability of joining dissimilar materials and different weld thickness [10, 

11]. All these benefits are highly attractive in the production engineering environment.   

In the current research arena, which is largely directed at the development and practical 

advancement of the FSW technology, researchers have tended to categorise the 

technology based on the tool design [12-18]. As shown in Figure 1. 3, there are two 

fundamental categories of tool, below which are numerous sub-categories that are 

influenced by a range of tool designs or features. A FSW process that involves the usage 

of a single sided shoulder (Figure 1. 3(a)) is known as conventional friction stir welding 

(CFSW), and a process that uses a double sided shoulder (Figure 1. 3(b)) is known as 

bobbin friction stir welding (BFSW) or self-reacting friction stir welding (SR-FSW) [17, 

19, 20]. 

Table 1 1: The benefit of Friction Stir Welding processes [9]. 

Metallurgical benefits Environmental benefits Energy benefits 

1. Solid phase process 

2. Low distortion of 

workpiece. 

3. Good dimensional stability 

and repeatability. 

4. No loss of alloying 

elements. 

5. Excellent metallurgical 

properties in the joint area. 

6. Fine microstructure. 

7. Absence of cracking. 

8. Replace multiple parts 

joined by fasteners. 

1. No shielding gas required. 

2. No surface cleaning required. 

3. Eliminate grinding wastes. 

4. Eliminate solvents required 

for degreasing. 

5. Consumable materials saving, 

such as rugs, wire or any 

other gases. 

1. Improved materials use (eg. 

Joining different thickness) 

allows reduction in weight. 

2. Only 2.5% of the laser welds 

energy needed for the FSW. 

3. Decreased fuel consumption 

in light weight aircraft, 

automotive and ship 

applications. 
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Regardless of this categorization, the tool serves two important functional consequences 

[21]: (1) to heat the workpiece; (2) contain and direct the plasticized workpiece material.  

 

 

 

 

 

Figure 1. 3: Illustration of tool types in FSW. (a) Single sided shoulder-CFSW.  

(b) Double sided shoulder-BFSW. 

 

Due to the limited information currently available on the emerging BFSW process, the 

background studies of the process are developed largely based on the counterpart CFSW 

process.  

1.3 CONVENTIONAL FRICTION STIR WELDING (CFSW) 

At the initiation stage of the CFSW process, the rotating tool is plunged into the abutting 

edges of the workpieces to be joined, whereby the shoulder has intimate contact with the 

top surface of the material while the pin is fully submerged into the material, as shown in 

Figure 1. 4. The tool heats and stirs the material from the advancing side (AS) to the 

retreating side (RS) while traversing through the material, creating a joint line at the rear 

of the tool (refer to Figure 1. 4 (a)). A problem occurring with this process is that the 

plates to be joined require extensive clamping both in the vertical and horizontal 

directions to prevent them being separated by the high forces exerted by the CFSW tool. 

In addition, a rigidly supported plate (also known as backing plate or anvil) is used to 

counteract the vertical force, see Figure 1. 4 (b). This arrangement slows setup time and 

limits the thickness of parts that can be welded by this process.  

 

 

Shoulder 

Pin 

Shoulders 

Pin 

 Gap 

(a) (b) 
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Figure 1. 4: FSW setup (a) The illustration of FSW process [9].  

(b) Schematic diagram of material setup [22]. 

 

Note that the Z axis is taken as perpendicular to the substrate surface, X is in the 

direction of the weld progression, and Y is transverse to the weld line, as in the figure 

above. 

1.4 BOBBIN FRICTION STIR WELDING (BFSW) 

The bobbin friction stir welding (BFSW) tool has two shoulders with one shoulder on the 

top surface and the other on the bottom surface of the weld plate, with a pin fully 

contained inside the material. This reduces the requirements of extensive clamping and 

setup prior to welding. The reason is because the normal down force imposed by CFSW 

is reduced and the reactive forces within the weld are contained between the bobbin 

shoulders. There are three forms of bobbin tool; fixed bobbin, floating bobbin and 

adaptive bobbin [17, 23, 24]. The definitions of these variants are explained as follows:   

 Fixed bobbin - The gaps are fixed between the two shoulders throughout the 

process and the normal Z-axis movement of the tool can be either fixed or 

controlled based on system capability (Figure 1. 5 (a)). 

 Floating bobbin - The two shoulders have a fixed gap throughout the process and 

thus produce balanced forces in the Z-axis (Figure 1. 5 (b)). However, the tool 

floats in the Z direction throughout the process. 

 Adaptive bobbin (AdAPT): The adaptive technique enables adjustment of the gap 

between the shoulders during the welding operation while the tool floats in the Z 

direction (Figure 1. 5 (c)). 

Workpiece 

length Weld length 

Weld material 

Weld gap 

Weld thickness 

Backing 

plate/Anvil 

(a) (b) 



CHAPTER 1: INTRODUCTION 

7 

 

 

 

 

 

 

 

 

Figure 1. 5: Bobbin Tools. a) Fixed gap [23]. b) Floating [23]. c) AdAPT [17]. 

 

When floating or adaptive bobbin tools are used, the Z forces should be near to zero. In 

addition to the above tool configurations, there are also discussions by TWI about the 

development of double driven bobbin (top shoulder and bottom shoulder driven) which 

can also include an adjustable shoulder gap. These developments along with many others 

are closely guarded due to the intellectual property (IP) potential.  

According to the TWI [23], the industrial uptake of bobbin tool FSW has been limited by 

a perception that the equipment required to implement is  complex  and  expensive. This 

includes concern on ease of the technology implementation. However, the most basic 

configuration of bobbin tool application can be implemented on most of the currently 

available CFSW facilities; especially the fixed bobbin format.  

1.5 DOUBLE SHOULDER VERSUS SINGLE SHOULDER 

High clamping forces and proper setup prior to welding is essential for CFSW. The 

examples of common defects that can be found in CFSW due to improper process setup 

are incomplete weld penetration and support plate contamination (refer to section 2.6: 

Defects in Friction Stir Welding). Furthermore, when lower temperatures are produced 

during the process, the material flow from the advancing tool edge to the retreating tool 

edge cannot always be completed, hence defects such as tunnel and kissing bonds are 

produced [8, 25].  

(b) (a) 
(c) 
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To maintain a sufficiently high welding temperature, it is generally believed that high 

welding spindle speeds and slow travel speeds are required. Interestingly, the present 

work indicates that this is an unreliable assumption, at least in the BFSW case, as will be 

shown later. The conventional CFSW tools typically run at a travel speed of 150 mm/min 

and spindle speed reached 1000 rpm [9]. Meanwhile, for BFSW as in the [18] 300 

mm/min and 300 rev/min rotational speed for welding AA6082-T6 Aluminium Alloy 

was used. 

Welding setup and weld defects are found to be minimized or eliminated when the 

bobbin tooling is introduced. The reason is because the presence of the double shoulders 

reduces the clamping forces and generates enough heat for stirring and mixing the 

materials in the weld region. Beyond this, the additional advantages of the BFSW process 

are listed. This is based on the understanding that obtained from both processes through 

literatures, example in  [8, 14, 17, 20, 25-28].  

 

The BFSW advantages: 

(a) Ease of fixturing. 

(b) Elimination of incomplete/partial root penetration. 

(c) Spindle speeds lower than conventional tools.  

(d) Allows increased tool travel speed due to the heating from both shoulders (up to 

500 mm/min; refer to Appendix A1).  

(e) Requires no backing bar/plate. 

 

On the other hand, BFSW joints are found to have lower mechanical properties, with 

bigger and more uniform grain size when compared to CFSW. The reason for the 

drawback was mainly because of the higher temperature input supplied by the rotating 

tool to the substrate. However there is limited literature available in this area. The 

disadvantages or functional perspective is not adequately discussed making the research 

opportunity wide open.  

1.6 PROBLEM STATEMENT 

The present work was motivated by two main issues. First is the industrial need to adapt 

the technology to the welding of marine grade aluminium. The second is a need to better 
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understand the underlying mechanics in the weld and how they affect the production 

processes. These details are explained as follows: 

 

(a) INCAT, a shipbuilding company in Australia, intends to integrate BFSW into 

their production facilities to butt weld 20km in total length of wet deck panels for 

each large wave-piercing catamaran, from corrugated sections 11 meters in 

length. Currently, extruded 6082-T6 series marine grade aluminium alloy with 

thicknesses of 4 mm, 5 mm and 6 mm are welded using the fusion method for 2 

minutes/meter which costs AU$7/meter, assuming that no post weld processing is 

required. In reality, the nature of the current process is such that it requires 

excessive post weld processing - grinding and sanding rework due to weld plate 

distortion and weld defects. Furthermore, when welding such long panels, the 

process needs to be stopped on occasion for system reconfiguration which leaves 

behind weld hole defects. These holes need to be filled later in the process. 

INCAT had started the trials with the BFSW process and found it difficult to 

achieve success, hence partnering with the university to better understand the 

production issues. The effects of interactions between BFSW welding parameters 

are complex and provide a significant production challenge. Once a deeper 

understanding has been gained, manufacturing engineers will be able to provide 

guidelines for the operators on executing good quality welds with low processing 

costs. 

 

Friction stir welding using the fixed bobbin tool of this thin plate substrate is known to be 

particularly difficult: it has poor weldability. That creates a number of challenges. It also 

creates several opportunities. From a research perspective, there is an opportunity in that 

using a difficult process and alloy characteristic offer the prospects of being able to 

develop an understanding of the deeper mechanics of the welding process. From a 

practitioner perspective, there is a lot of welding to be done on say a ship, and the 

prospect of being able to do this with friction stir welding is highly attractive. 

 

(b) There are three knowledge gaps with BFSW: (a) the underlying mechanics are 

poorly understood concerning the interactions of heat generation, temperature 
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distribution, material flow, and metallurgical changes, (b) there is no way of 

reliably linking tool features and process settings either to these deeper mechanics 

OR to the output weld quality, (c) bobbin FSW, which is necessary for the 

welding of thin plate, has a particularly lean research literature.  Although not 

initially apparent there are several large differences between CFSW and BFSW in 

relation to the underlying physics. The first difference is the additional shoulder 

for BFSW. This has a major effect on the functional consequences, in that it 

results in greater heat input as most heat is generated at the tool shoulder rather 

than the pin [14, 29]. This then affects the readiness of the material to flow for a 

given process setting. Second, this additional shoulder alters the material flow, 

hence affecting grain orientation and weld quality, though the details are poorly 

understood. Thus the process setting and variables are sensitive to the tool 

features and elements of the underlying physics are also expected to differ. 

 

In summary, there is a need to understand the causality whereby tools, tool features, 

process settings and other significant variables affect weld quality. One way of 

approaching this is to develop better models of the interaction that cover heat generation, 

material flow and process variables. Another is to take the production engineering 

approach of seeking to find relationships between the input variables that are controllable 

in the industrial setting, and the desired output variable of weld quality. The first 

approach is modelling, the second is empirical.  The approach taken here is a 

combination of both.  

1.7 RESEARCH OBJECTIVES AND SCOPE 

Fixed bobbin FSW is perceived as a system that requires simple hardware that enables 

the opportunity to develop a portable unit. This attracts industry such as INCAT to adopt 

the process of replacing their fusion welding approached. While adaptive bobbin is 

believed to be flexible and better control, but the machinery is suspected to be costly due 

to the independent controller power head which require dedicated machinery that does 

not interest the company. In addition, INCAT objective is just to replace one of his 

processes which deal with long welding process of thin plate aluminium.  
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It is found later that, although BFSW in principle might be a better tool than CFSW to 

use in industry, investigations reported that the process is difficult. Because of this 

reason, the main purpose of this research was to optimise the BFSW process using a 

fixed bobbin tool. However, before the optimisation process through modelling or 

empirical studies can be done, the identification of the process variables, and their 

interactions, is of utmost importance. Developing this knowledge is a necessity for 

making reliable and repeatable welds. 

The particular goal of this study is to link the casual parameters. These include machine 

types, tool fixation and rigidity, tool features, spindle speed, and travel speed. These 

variables need to be in control because their dynamic interaction with the process 

materially affects the weld-quality. The studies have focused on selected key 

combinations of these parameters with a focus on the functional perspective, rather than 

simply metallurgy per se.  

The objectives of this research project were: 

 To demonstrate the effect of machines, tool fixation, rigidity, tool features, 

spindle and travel speed towards weld formation.   

 To explain and evaluate the BFSW process response.    

 To develop a theoretical explanation of the failure mechanism of weld 

formation.  

 To develop a conceptual model based on causality factors.  

 To suggest guidelines to practitioners for welding material using BFSW 

process, especially thin plate aluminium. 
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CHAPTER 2 

BACKGROUND LITERATURE 

 

In developing the research ideas and understanding the process, the literature survey was 

largely built around CFSW.  The reason was small body of information available for the 

BFSW. 

2.1 FSW PROCESS FACTORS 

Mechanical engagement of FSW tool with substrate generates heat and pressure. These 

cause materials atoms of adjacent surfaces to come into close proximity to form joins. 

The oxide and contamination layer that are present on the plates are disrupted during the 

process. The degree of heat and pressure are affected by many variables. Based on  

previous studies for CFSW, if the welding objective is to obtain defect free welds, some 

factors that should be taken into account are axial force, rotation speed, traverse speed, 

tool tilt angle and tool geometry [8, 30]. More generally, Mishra and Ma [9] stated that 

the major factors affecting the FSW process are tool geometry, joint design and  process 

variables such as tool rotation and traverse speed.  Regardless of the type of FSW process 

(CFSW or BFSW), factors that affect the weld output quality and consistency are shown 

in Figure 2. 1, a cause and effect diagram by Lakshminarayanan and Balasubramanian 

[31].  

As stated earlier, two main elements for joint formation in FSW are heat and pressure. 

But weld quality also requires good material flow, which arises from the motion [32]. 

The dominant process parameters (inputs) which are commonly stated by previous 

researchers are spindle speed, travel speed and tool design [15, 16, 18, 19, 24].  
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Figure 2. 1: Cause and effect diagram [31]. 

2.2 TOOL DESIGN     

In the FSW process, the tool is used to generate heat, create plasticized material and 

directed material flow in order to create a uniformly welded joint. Consequently, to 

ensure weld quality the use of an appropriate tool and welding motion is essential [33].  

In general, tools have two major primary features; the shoulder and pin (also known as a 

probe); see Figure 2. 2 which illustrates these features on a FSW tool. Minton [22] has 

classified a range of additional secondary features known as external features on the tool 

such as threads and tapers for example. In his work, Minton grouped all of these external 

features into one and referred to them as a tertiary features but in this proposal the author 

will refer to them as secondary features. Examples of secondary features are shown in 

Figure 2. 2 (a) threaded tapered pin with a concave shoulder and Figure 2. 2 (b) threaded, 

tapered pin with three flutes pin and scrolled shoulder.   
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Figure 2. 2: FSW tool for CFSW (a) Threaded tapered pin with a concave shoulder [22] (b) Threaded, 

tapered with three flutes pin and scrolled shoulder, inside [9]. 

 

In the case of BFSW, which is the study area of the author, the axial force and tool tilt 

angle parameters can be assumed not to be significantly important. This is because the 

axial force is minimized for a fixed bobbin and expected to be zero for the adaptive 

bobbin [15, 18]. In addition, the bobbin tool fully penetrates the material to be welded 

which eliminates the occurrence of a high axial force. In certain circumstances, when 

countering the flatness and plate distortion, maintaining a suitable shoulder plunge depth 

will be vital.  Furthermore, because both shoulders have intimate contact with the top and 

bottom surfaces of the material to be welded, tool tilt angle (Figure 2. 3) is not applicable 

for the BFSW process.  

 

 

 

 

 
Figure 2. 3: Tool tilt angle. 

 

Kumar and Kalis [34] noted that in friction stir weld formation, there are two driven 

flows known as pin-driven flow and shoulder-driven flow. Regardless of shoulder 

(a) 

(b) 
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features and pin design both are affecting flow and dislocation of material [9, 35]. In 

addition, the study done by Kumar et al. [30] revealed that when comparing defects of 

unfilled regions, it is seen that the shape, size and location of the defect changes with the 

design of the tool. Therefore, in achieving a sound weld in FSW, the role and effect of 

the tool features need to be understood. Notably, tool design has been one of the most 

influential aspects of process development and active areas of research [9, 30, 34, 36]. In 

this following section, FSW tool design will be discussed based on the CFSW and BFSW 

processes. 

2.2.1 CFSW tooling  

A tool with a single shoulder is known as CFSW tooling. A high proportion of FSW 

research papers covers CFSW [20]. By referring to these published research papers, tool 

design can be discussed based on it features. The following paragraphs introduce and 

discuss various research efforts that have been conducted on the primary and secondary 

tool features. The review also considers the effect of these features on weld quality. 

2.2.1.1 Pin and Associated Features 

The pin has an incipient contact on the surface of the workpiece which generates heat and 

circulates the plasticized material. This process clearly affects the microstructure in the 

nugget area. Consequently, the pin can affect the shape and the mechanical properties of 

the weld [37].  

In published literature, a few design investigations of pin features can be found. In early 

2003, Thomas et al., presented their researched on FSW tool design which was 

conducted in TWI. Their designs are summarized in Table 2. 1 [9, 35].  

In the first column, a cylindrical tool with a cylindrical threaded pin with a frustum shape 

is stated to be suitable for butt joining where it produces satisfactory welds on plate 

components. In a separate study, a similar pin shape was used by Kumar et al. [30] in 

butt joint welding of Aluminium alloy 7020-T6, 4.4 mm thick plate. However, this tool 

had a different shoulder and threaded features but proven that the frustum shape 

produced a better quality weld when compared to a cylindrical flat-end pin, for butt joint 

welding. Likewise tapered (also known as conical) threads in the Whorl and MX triflute 

designs (columns 2 and 3 of Table 2. 1) induce a vertical component of weld material 
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velocity that facilitates plastic flow and have been successfully used in butt welding. 

While the flute feature in MX triflute and Flared triflute (columns 3 and 4 of Table 2. 1) 

is stated to increase interfacial area or stirring action between the tool and workpiece 

leading to increased heat generation rates, softening and flow of material. Consequently, 

it is evident that more intense stirring reduces both the traversing force for the forward 

tool motion and welding torque. Moreover in Nandan et al.’s [35] review paper a Triflute  

tool with a tapered pin feature produced a strong auguring action and thus increased the 

downward force. The associated stirring action can also be induced by inducing flat 

features on the pin’s which will be discussed later in this section.  

Table 2. 1: Tools designed at TWI [35]. 

 

Cylindrical, Whrol and MX triflute tools are best for butt welding but not for lap welding. 

This is because, the plunge force causes excessive thinning of the upper plate which then 

causes the adhesion of oxide in between the overlapping surfaces. In solving this issue, 

Flared triflute, A-skew and Re-stir tools were design by TWI that have higher swept 

volume which then expands the stir region resulting in a wider weld area. The Re-stir 

tool has an additional advantage whereby it applies periodic reversal of tool rotation thus 

eliminates inherent asymmetry in microstructures flow [33, 35]. These tools are 

commercially available, but the complete understanding of each tool feature is not wholly 
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exposed. Further studies and results sharing have been undertaken by other researchers 

with the aim of understanding the effects of secondary features on tools as follows.  

A tapered pin has a few advantages; a more uniform stress through the tool and  

reduction of frictional contact which helps to reduce torque and bending moment on the 

tool [20]. Zhao et al. [37] studied the use of tapered and cylindrical pins with and without 

a thread for welding Al2014 (butt joint of 6 mm thickness). The dimensions of the 

tapered pin were 8 mm for the major diameter and 6 mm for the minor diameter. Figure 

2. 4 presents the tools that was used in their studies. They found that the best quality 

welds were acquired by using the tapered and screw threaded pin. Conversely, for the 

cylindrical tapered tool with an unthreaded pin, the welding process did not ensure 

effective mixing which caused a visible void defect in the weld zone. 

 

 

  

                                                               (a)            (b)          (c)           (d) 

Figure 2. 4: Image of CFSW tools (a) Tapered thread cylindrical pin (b) Straight Cylinder (c) Threaded 

cylindrical pin (d) Tapered cylindrical pin [37]. 

 

For threaded features, McClure et al. [38] completed studies on tools with 48, 32, 20 and 

14 threads per inch of cylindrical pin in butt joint welding of 6mm thick of 6061-T6 

Aluminium alloy. They found that the thread induced material “flow up and down in the 

weld region”. By decreasing the thread pitch it caused large scale top to bottom flow and 

unthreaded pin tools provided insufficient vertical motion for there to be a stable material 

rotational zone in the weld area. The presence of the thread feature normally resulted in a 

conforming defect free weld.  

Similar results were found by Zhao et al. [37] when using a 1 mm thread pitch. Further 

advantages noted for tools with threads were their ability to generate more heat and 

improve flow of the softer material by exerting a downward force. Heat generation by 

cylindrical threaded pins were recorded to be 44% more than the cylindrical unthreaded 
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pins [39]. In Boz and Kurt’s [40] studies, 0.85 mm, 1.10 mm, 1.40 mm and 2.0 mm pitch 

threads were used to weld 1080 Aluminium alloy with 6 mm thickness. The spindle 

speed and travel speed were set constant at 1000 rpm and 200 mm/min respectively.  It 

was found that the 1.40 mm and 2.0 mm pitched threaded stirrers acted like a drill rather 

than a stirrer and propelled the weld metal outward in the form of chips. The weld metal 

was accumulated around the stirrer shoulder, but with 0.85 mm and 1.10 mm pitched 

stirrers, the specimens exhibited good welding quality with sound mechanical and 

metallographic properties. Findings show that proper selection of thread pitch size is 

critical [35, 40]. 

Temperatures, torque and force as affected by pin features, were studied by Hattingth et 

al. [41]. Observations were done by using instrumented tools with embedded sensors on 

the tool holder.  The features that were included in their study were number of flutes, 

flute depth, flute angle, taper angle, pin diameter and thread pitch. These features were 

tested on butt joint welding of 5083-H321 rolled Aluminium alloy with 6 mm thickness. 

Each tool had a unique configuration with only one secondary parameter changing from 

tool to tool as shown in Figure 2. 5. From the experiment data collected, the general 

indication stated by Hattingh et al. [41] was that tapered, three flutes tools with a 

threaded form and “a pitch of 10% of the pin diameter and perhaps 15% of the plate 

thickness will produced successful welding” which mean if the plate to be weld is 6 mm, 

the pitch can be between 0.6 mm to 0.9 mm which is significantly similar to the pitch 

size suggested by Boz and Kurt’s [40]. The best tool performance and the measured 

parameters are summarized in Table 2. 2. 

Table 2. 2: Measured parameters of welded plate based on best performance tools in Hatting et al. studies 

[41]. 

Tools 
Weld Joint 

Tensile Strength (MPa) 
Transverse Force (kN) Spindle Torque (N-m) 

Three flutes pin 290 8.36 60.03 

Threaded pin 

-20 thread per inch 
174 11.28 59.27 

Tapered pin 

-Major diameter 10 mm 

-Minor diameter 5 mm 

331 8.57 51.07 

Flute angle, 10° 337 9.16 61.40 

Flute depth, 4.5 mm 256 9.19 60.59 

Pin diameter, 8 mm 207 6.68 45.74 
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Figure 2. 5: CFSW tool features [41] (a) Increase in number of flutes (b) Increase in flute depth (c) Increase 

in flute angle (d) Increase in pin taper angle (e) Decrease in pin diameter (f) Increase in thread per inch 

(tpi). 

 

Furthermore, Elangovan and Balasubramanian [2] in their work introduced pin features 

with flat faces (square and triangular) which were found to have better material dynamic 

swept volume compared to a cylindrical  pin. As shown in Figure 2. 6, they used five 

different tool pins in butt joint welding of AA6061 aluminium alloy 6 mm thickness. The 

diameter of the pins was six mm. They found from the weld macrostructure observation 

that square, threaded cylinder and triangular secondary pin features produced defect free 

weld regions. Furthermore, in tensile tests, it revealed that the joints fabricated by the 

square pin feature exhibited superior tensile properties followed by the triangular, 

threaded cylinder and tapered pin features. The straight cylinder pin produced the lowest 

tensile result, whereby the tensile strength was around 50% of the parent material 
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Figure 2. 6: CFSW pin tool (a) Straight cylinder (b) Threaded cylinder (c) Tapered cylinder (d) Square (e) 

Triangle [2]. 

Parallel to this study, Padmanaban and Balasubramanian [42] used the same pin features 

in joining AZ31B, a Magnesium alloy. The joint was a butt joint configuration of 6 mm 

thickness plate. A different finding was found whereby the optimum tool was the 

cylindrical threaded pin feature which yielded defect free and a fine grained nugget 

region. Both triangular and square pins produced defects in the nugget region which was 

believed to be due to insufficient heat generation and a large amount of swept metal from 

the stir zone.  

A wider scope tool study with more flat faces were introduced by Vijay and Murugan 

[43]. Each tool was different by way of the shoulder to pin diameter ratio (D/d). Here 

they used a 16 mm shoulder diameter for butt joint welding of 6 mm thick metal matrix 

composite (MMC) Al-10 wt.% TiB2. These adopted tools are shown in Figure 2. 7. Joints 

welded by the square pin feature tools exhibited high tensile strength when compared to 

other joints. This type of tool was similar to what had been suggested earlier. When a 

tapered pin feature was introduced to the square pin, it formed a joint with the least 

tensile strength. Other pin features did not change significantly. Vijay and Murugan [43] 

stated that the square pin feature produces 133  pulses/s  and  hexagonal  pin  profile  

produces  200  pulses/s, when the tool rotates at a speed of 2000 rpm. This shown that 

there is not much pulsating action differences especially for the octagonal pin profiled 

tool due to the small flats. In the case of tapered pin tools, less material was being swept 

when compared to that for a straight square pin tool, the associated joint exhibited less 

tensile strength. This was also reflected by the microstructure images whereby bigger 

grains were evident which accounted for the poor tensile strength in joints made using of 

taper pin tools. 

Flats 
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Figure 2. 7: Tools with different amount of flat faces [43]. 

 

The successful application of these secondary pin features are correspondingly 

influenced by the size of the pin [11]. In the studies conducted by McClure, et al.[38], it 

is indicated that typically the diameter of tool pin is equal to the thickness of the 

materials to be welded and its length should be slightly shorter than the thickness of the 

material to be weld. These claims are also supported by other researchers’ findings [2, 3, 

37, 42] whereby the diameter of pin is equivalent to the thickness of the welded part, for 

producing a sound weld. Concerning the length of the tool pin, it was found that most 

approaches applied by the researchers utilise a value between 0.2 mm and 0.3 mm shorter 

than the plate thickness [3, 30, 42, 44].  However, some researches do not mention the 

measurement of the pin or used a tool pin size outside the ranges stated above and still 

succeeded in producing a good weld. It is believed that the reasons are because of other 

significant welding parameters such as dwell time, axial force and plunge depth are being 

well optimized for these specific applications [2, 41].    
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2.2.1.2 Shoulders and Associated Features 

For the tool shoulder features, there is a limited availability of published material to be 

found when compared to the pin section features as discussed above [45].  However, 

according to Mishra and Murray [14] the omnipresent CFSW secondary tool shoulder 

feature, besides being flat,  can have a concave or convex form. Examples of flat, 

concave and convex shoulders are illustrated in Figure 2. 8. 

 

 

 

 

 

Figure 2. 8: Shoulder feature cross sections (a) Flat (b) Concave (c) Convex. 

 

Concave shoulders produce quality friction stir welds, and the simple design is easily 

machined. The concave shapes that are found in publications and applied by the 

researchers in their studies are conical and curved [14, 39, 46-48].  In the case of concave 

conical shoulders, the concavity is produced by a small angle between the edge of the 

shoulder and the pin, typically  between 2° and 10° [14, 39]. During the tool plunge, 

material displaced by the pin is fed into the cavity within the tool shoulder. This material 

serves as the start of a reservoir for the forging action of the shoulder. Forward 

movement of the tool forces new material into the cavity of the shoulder, pushing the 

existing material into the flow of the pin.  Proper operation of this shoulder design 

requires tilting the tool 2 to 4° from the normal of the workpiece away from the direction 

of travel; this is necessary to maintain the material reservoir and to enable the trailing 

edge of the tool shoulder to produce a compressive forging force on the weld. A further 

application of a concave curve shoulder is found in Hattingth et al. [41] but the studies 

are mainly directed at exploring the pin features whereby the shoulder shape is constant. 

For the case of convex shoulders, the advantage of having the convex shape is that the 

outer edge of the tool needs not to be engaged with the workpiece, so the shoulder can be 

(a) (b) (c) 
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engaged with the workpiece at any location along the convex surface. This shoulder 

design allows for a larger degree of flexibility in the contact area between the shoulder 

and workpiece  (amount  of  shoulder  engagement  can change  without  any  loss  of  

weld  quality). This feature configuration  improves  the  joint  mismatch  tolerance,  

increases the  ease  of  joining  different thickness  workpieces, and improves the ability 

to weld complex  curvatures, but the feature arrangement only produces sound welds in 

thin material. For example the  successful studies of convex shoulder welding was 

reported for welding  0.4 mm sheet with a 5 mm convex tool [14].  To weld thicker 

material an additional feature known as scroll feature is required on the convex face. A 

typical example of a shoulder scroll feature is illustrated in Figure 2. 2 (b).  The 

importance of the scroll is in its ability to direct material from the outer shoulder into the 

inner shoulder. Without the scroll feature, the material under the shoulder is pushed away 

from the weld zone and appears at the flanks of the shoulder in the form of flash [46].  

In support of the apparent need for a scroll feature, studies conducted by Cederqvist et al. 

[46] that introduced “tool shoulders with the combination of concave and convex 

features” without scroll feature found that,  during welding, the amount of flash produced 

is medium and a sound weld could not be produced. 

Flat, concave and convex shoulders can contain other additional secondary features to 

generate heat and induce material deformations which are aimed at producing better 

material mixing and weld quality. These potential features are presented in Figure 2. 9. 

Although there is a range of additional secondary feature designs for the shoulder, the 

most common shoulder feature used in the previous and current studies was a scrolled 

shoulder [14, 43-46, 48]. It is thought by the author that the reason for this may be the 

confidential nature of the findings and consequently of lack willingness to widely publish 

the results. 

Besides these secondary shoulder features, fillet and chamfer features have also been 

applied on the shoulder edges in conjunction with the flat surface shoulder as shown in 

Figure 2. 10. Both were found to produce good welds. The presence of fillet contribute to 

a smooth weld surface and help to minimize the amount of flash (refer to Defects in FSW 

section) [30, 45]. The published paper does not include the size of the fillets or chamfers 

that were used. 
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Figure 2. 9: Different design of shoulder features (a) scrolls (b) knurling (c) groove (d) ridges (e) 

concentric [14]. 

 

Underlying the secondary features applied to the FSW tool, the success of producing 

sound welds is primarily linked to the amount of heat generated and workpiece material 

flow induced by the tool.  

 

 

 

 

 

Figure 2. 10: Fillet and Chamfered tool shoulder. 

 

Based on Arora et al. [49] studies, the material flows were dependent on the tool-

workpiece interface whereby  “sticking and sliding” material movement were observed to 

be presence in the FSW process.  Due to this mechanism, appropriate tool proportions 

need to be applied to the corresponding tools features. For example, in the same studies 

they proposed that the shoulder diameter should be three times the plate thickness.  

 

 

Fillet 
Chamfer 

Rotational Direction Shoulder feature 

Probe 
(a) (b) (c) (d) (e) 
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2.2.2 BFSW tooling 

At this stage, only a minimum number of published studies have been found for the FSW 

using bobbin tools, although the idea was collectively patented by TWI, within the 

general FSW process, in 1991 [20, 44].  BFSW is identified by three primary features; 

the upper shoulder, the lower shoulder and a pin. The design concept is an extension of 

the CFSW tooling with one additional shoulder on the bottom surface of the plate to be 

welded that is connected by the pin.  

In one of the few published research accounts, three tools (5 mm pin diameter and 13 mm 

scrolled shoulder diameter) with  different secondary pin features  were used by Neuman 

et al. [15]. The variants were; a cylindrical pin, a cylindrical threaded pin and a 

cylindrical threaded pin with three flats. These tools were used to butt joint weld 4 mm 

thick 2024-T351 Aluminium Alloy. The researches stated that the cylindrical threaded 

pin tool and the cylindrical threaded pin with three flats tool were capable of producing 

satisfactory welding results. The reason is because no volumetric defects (refer to Defects 

in FSW section) were found. But, by comparing the welded joints made by these tools; 

the cylindrical threaded pin tool is better than the cylindrical threaded pin with three flats 

tools in terms of bend angle and the clearly define microstructure boundaries.  

Schneider et al. [16] also used cylindrical threaded secondary pin features in their studies 

on butt welding 0.357 inch thick AA2195-T87 Aluminium Alloy panels. The tools were 

prepared in two different diameter sizes that were 0.5 inch and 0.327 inch with each of 

the tools having 0.12 inch and 0.07 inch thread pitch. In their studies, the travel speeds 

were set at 11 ipm and 14 ipm with varied spindle speeds. For the experiment runs using 

travel speed of 11ipm, the spindle speeds were increased from about 10 rev/in to 35 

rev/in. Meanwhile for 14 ipm the spindle speeds were increase from 7 rev/in to 16 rev/in. 

From their experiment results it is believed that BFSW is capable of producing sound 

welds due to no reports on weld defects in their studies. But it is recorded that the nugget 

bulge size increased as the spindle speed and tool diameter increased (refer to the 

Microstructure evolution and Temperature distributions section). The nugget bulge 

eventually affects the welded material by reducing the ultimate strength. 

Furthermore, previous researchers recommended the use of a cylindrical tapered pin tool 

for the BFSW process. Tapered pin provides uniform stressed in the tool, because less 
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material is displace during welding.  In addition, the use of a tapered pin enables a 

proportional reduction in the diameter of the lower shoulder of the bobbin tool. The 

decrease of lower shoulder diameter results in lower frictional contact and plunging 

resistance, therefore less torque and bending moment on the tool which can minimise or 

eliminate the potential of broken tools. To improve the volume of swept material by the 

tapered pin; researchers recommend three flats features to be applied on the pin. This tool 

design was used in butt joint welding of 8 mm thick, 12% Chromium alloy steel, and was 

found to be successful in producing good weld [17, 20].  

Unfortunately, there are no record regarding welding process loads by the researchers in 

[16], [17] and [20]. Neumann et al. [15] recorded longitudinal and transverse forces 

which were in the range of 800 N to 900 N. Besides that, Colligan and Picken [44] 

recorded the process loads when using cylindrical threaded (thread pitch 1.41 mm) 

tapered (maximum pin diameter 15.2 mm)  pin with three flats tools to weld various 

aluminium alloys 25.4 mm thick that are summarized in the Table 2. 3. The loads were 

recorded based on “mean changes in forces with respect to tool depth” (tool depths were 

not stated in the report). In the similar study, the researchers’ welded 6061-T6 aluminium 

alloy by using a fixed geometry bobbin tool and found that the longitudinal force was 7.3 

kN and the transverse force was 11.5 kN.   

Table 2. 3: Process loads with respect to tool depth [44]. 

Load 5083-H116 2519-T87 6061-T6 2195-T8 

Longitudinal Force (kN/mm) 8.6 12.6 0.1 7.9 

Transverse Force (kN/mm) 1.5 3.15 -0.25 -3.5 

Spindle Torque (N-m/mm) 38.8 57.6 78.6 90.3 

Note: The “-” sign is believed due to the trials convention setup used by the researchers. 

More recently studies undertaken by  Threadgill et al. [18] used a combination of 

cylindrical, thread, three flats and taper on the pin with smaller diameter on bottom tool 

shoulder. The studies focussed on welding 25 mm thick AA6082-T6 Aluminium Alloy in 

a butt joint. The tool used in this study, along with its specifications is shown in Figure 2. 

11. Torque and forces values were recorded. The welding results revealed that the 

traverse force and torque load produced by this tool is similar with CFSW; 11 kN and 
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400 Nm respectively. Higher values of force and torque would naturally be expected if a 

tapered pin and small lower shoulder were not used. For the axial force the bobbin tool 

produced 14.73 kN which is much lower than that found when using conventional tools 

(in their work, the conventional tool features was not mentioned). In addition to their 

findings, they found a clear boundary of macrostructure was produced in the weld.  

By comparing the process loads that were recorded by the previous researchers it is noted 

that the forces were lowest in Neumann et al. [15] studies. The reason being is because of 

a thin welds material (4 mm thickness) compared to thicker weld material done by 

Colligan and Picken [44] and Threadgill et al [18]; 25.4 mm and 25 mm respectively.  

  

 

 

 

 

 

Figure 2. 11: BFSW tool used by Threadgill et al.  [18] to weld 25 mm thick of AA6082-T6 Aluminium 

Alloy. 

 

In the case of secondary features on shoulders, Colligan and Picken [44] reported that the 

designs are commonly flat, outward tapered (convex) and scrolled.  They stated that, if 

flat shoulders were applied in the welding process, the tool cannot accommodate 

variations on workpiece thickness. Consequently, when there is a gap between the plate 

to be weld and the shoulders, this causes a reduction in heat generation which then 

contributes to weld defects. A scrolled shoulder combined with a convex feature was 

found to be successful in the BFSW application and also found to be the case for CFSW 

(see the CFSW tooling section). Despite this revelation, there are researchers using flat or 

flat with scrolled shoulder in their studies and still capable of producing defect free 

welds, perhaps due to the tightly controlled testing [15, 16, 18].  

Scrolled  

Shoulder 

Flat 

Thread 

Tool diameter specification: 

Upper shoulder: 36 mm 

Lower shoulder: 30 mm 

Upper pin: 18 mm 

Lower pin: 16 mm 
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2.3 MICROSTRUCTURAL EVOLUTION AND TEMPERATURE 

DISTRIBUTIONS 

The weld region in FSW can be divided into three zones [9, 14], in order to differentiate 

them from the unaffected parent metal (also called base metal). These zones are; heat 

affected zone (HAZ), thermo-mechanically affected zone (TMAZ) and the weld nugget 

zone (also referred to as the stirred zone). Each weld zone is shown in Figure 2. 12 (a) for 

CFSW and Figure 2. 12 (b) for BFSW.  

By referring to Mishra and Ma [14], these zones are defined as; 

Parent metal: This is material remote from the weld that has not been deformed and that, 

although it may have experienced a thermal cycle from the welding process, it is not 

affected by the heat in terms of microstructure or mechanical properties. 

HAZ: In this region, which lies closer to the weld centre, the material has experienced a 

thermal cycle that has modified the microstructure and/or the mechanical properties. 

However, there is no plastic deformation occurring in this area. 

 

 

 

 

 

 

 

 

 

 

A = Parent Metal, B = Heat affected zone (HAZ), C = Thermo-mechanically affected zone (TMAZ), D = 

weld nugget. 

Figure 2. 12: FSW macrostructural cross section of  6082-T6Alluminium alloy in butt joint welded form, a) 

CFSW b) BFSW [17]. 
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TMAZ: In this region, the FSW tool has plastically deformed the material, and the heat 

from the process has also exerted some influence on the material.  

Weld nugget zone: The fully recrystallized area, sometimes called the stir zone, refers to 

the zone previously occupied by the tool pin. The term stir zone is commonly used in 

friction stir processing (not of interest in this research), where large volumes of material 

are processed. 

As shown in Figure 2. 12, CFSW and BFSW have different region sizes and forms. For 

example, by referring to the weld nugget zone, CFSW inherited the basin shaped nugget 

while the BFSW weld nugget zone adopts the form of an hour-glass [9, 16]. It is found in 

both FSW processes, the size of nugget area decreases towards the centre, and for the 

BFSW process this area widens again towards the lower surface. This is because the pin 

diameter is smaller than the shoulder diameter.  

The microstructure regions, sizes and forms are evolved depending on dynamic 

recrystallization (continuous tool stirring and tool travel). For example, when the tool 

spindle speed is increased at constant traverse speed,  the centre weld nugget region 

edges change from the natural curve form (Figure 2. 13 (a)) to flatten edges along the 

centre (Figure 2. 13 (b)). A radial bulge then emerged at the stage when the highest 

spindle speed was reached (Figure 2. 13 (c)). This then effects the natural HAZ location 

and displace it radially away from the weld nugget zone [16].    

Figure 2. 13: Variations in BFSW weld nugget zone as the tool rotation is increased, (a) curve form (b) 

flatten form (c) nugget buldge [16]. 

 

The dynamic recrystallization is also related to the heat generation (temperature) which 

not only affects weld zone forms and shapes but also grain sizes. Grains in FSW are in 

the micron range and the sizes grow proportionately with the increment of heat generated 

during the process.  Figure 2. 14 shows the temperature distribution on a welded plate in 

(a) (b) (c) 
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Top Surface Temperatures in °C  

Distance from edge of nugget zone, mm 

CFSW. The peak temperature was found at the weld nugget area and decreased as the 

location is further away from the stirring area. By comparing the advancing and 

retreating side, the Advancing side generally has higher temperatures than retreating side 

because of the forging effect produced by the tool shoulder.  

 

 

 

 

 

 

Figure 2. 14: Temperature distribution adjacent to a CFSW in 7075Al-T651 [50]. 

 

In terms of grain size, coarse grains are found at the zone that has the highest temperature 

and slowest cooling effect while finer grains are found when active cooling takes place. 

An example of a study that had recorded the grain size distribution in a FSW is shown in 

Figure 2. 15. Regardless of material type, the average range of grain sizes recorded by 

the researchers in CFSW are between 2 µm to 22 µm  but at the weld nugget area the 

grain size ranges from between 2 µm to 6 µm [9, 45, 51-55].  

For BFSW, the higher temperature produced by the double acting shoulder (when 

compared to CFSW) and passive cooling rate results in coarse grains. This is proven by 

the studies done by Neumann, et al. [15] when they detected that the peak temperature 

produced by bobbin tools is higher than that for conventional tools when welding 2024-

T351 alloy. The researchers also found that RS had a higher temperature when compared 

to AS which was opposite to the findings for CFSW. Furthermore, in Threadgill, et al.  

[18] studies, they mention that the grain sizes at the weld nugget area were in a range 
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from 6 to 8 µm and the grain size distribution was uniform (due to uniform heat supplied 

by the tool) in comparison to a varied grain size from the top to the bottom of CFSW tool 

welds.  

 

 

 

 

 

 

 

 

 

Figure 2. 15: Grain size distribution for CFSW in various location of 7050 Aluminium [55]. 

 

2.4 CONCEPTUAL MODELLING 

A conceptual modelling is a structure way of explaining a system or a process. The aim is 

for building up the understanding through the representation of the system in a diagram. 

Figure 2. 16 represent the key physical interaction found in Mishra and Murray  [14]. The 

basics of FSW relations had been captured in the model. Two main process variables are 

grouped as input which feed into the models for the interactions. These interactions then 

yield on the design outputs. However, there are a few disadvantages of the model. First, it 

does not mention the strength of the input in producing the intended design output. 

Second, the inputs are not comprehensive and divided under large group. Third, it just 

represents physical interaction. Finally, the weld zones are more suitable to be cluster 

under design output rather than classified as models. 
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Figure 2. 16: Key Physical Interactions [14]. 

 

Further detail of conceptual model can be found in Colligan and Mishra [56] work as 

shown in Figure 2. 17. The process variables are represented in solid border and the 

physical effects are represented in dashed border. Direct and inverse relationship had 

been identified in the ‘+’ and ‘-’ symbols which ease the understanding of the effect of 

each process variable on the physical effect and process output. The model is to 

specifically focus on heat generation that affected from friction and plastic work which 

stated as an important distinction.  

Nevertheless there are limitations on the model. The process variables are selective 

which not included some process variables such as shoulder gap clearance (bobbin tool) 

and dwell time. It is found that variables like spindle speed, travel speed and tool 

diameter are input at multiple places. The tool diameter process variable is not specific 

for pin or shoulder. The relative direction of direct and inverse relationship are only 

approximate identified by ‘+’ and ‘-’ symbols. The strengths are not stated, which is 

potentially problematic when variables are aggregated.  
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Figure 2. 17: Relationships between variables[56]. 

 

Both of the models have not representing their variables interactions in the form of 

process flow. By integrating the interaction into the process flow, higher level of model 

that has intuitive way in understanding the joint formation of FSW process able to 

achieve. Weld quality should be a focused in a conceptual model which will beneficial 

the process engineers in selecting process input.  Because of the gap, the work that will 

be taken here will include the missing elements (focused on weld quality, underlying 

physics and comprehensive process variables) in a comprehensive way.  

2.5 WELD PROPERTIES 

Material properties are modified when subjected to material deformation and different 

thermal exposure in the FSW process. Such properties are mechanical and corrosion 

behaviour. It is noted that based on the review paper by Mishra and Ma [9] the 

distribution of stress, hardness, strength and ductility exhibited an “M” like distribution 

across the weld. For example this distribution is shown in Figure 2. 18 for the residual 

stress in CFSW of 6013Al-T4.  
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Figure 2. 18: Longitudinal residual stress distribution in FSW 6013Al-T4 welds determined by different 

measurement methods [57]. 

 

Residual stress in FSW is known to be lower than fusion welding due to the low 

temperature in the solid state FSW process which does not reach the melting point of the 

weld materials. However, the compliant clamps, used for fixing the parts, exert a much 

higher restraint on the welded plates. These restraints impede the contraction of the weld 

nugget and heat-affected zone during cooling in both longitudinal and transverse 

directions, thereby resulting in the generation of longitudinal and transverse stresses. The 

findings of residual stress evolution studies founded by CFSW researchers are as 

summarized: 

(a)  In the transition between the fully recrystallized (weld nugget zone) and partially 

recrystallized (TMAZ-HAZ zone) regions, the residual stress is higher than that 

observed in other regions of the weld. The longitudinal (parallel to welding direction) 

residual stresses were tensile and transverse (normal to welding direction) residual 

stresses were compressive. The low residual stress in  the  FSW  welds  is  attributed  

to  the  lower  heat  input  during  FSW  and  recrystallization accommodation of 

stresses [58].  

(b)  The longitudinal  residual  stresses  are  always  higher  than  the transverse  and  

independent  of  pin  diameter,  tool  rotation  rate  and  traverse  speed. But Nandan 
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et al. [35] stated that the longitudinal stress is dependent on traverse speed, because 

higher stress  is measured when the travel speed is increased.  

(c)  Although in an earlier paragraph in this section it was mentioned that the stress 

distribution exhibited an “M” like distribution, it was suggested that the transverse 

residual stresses exhibited a peak at the weld centre [57]. 

(d) The increase of tool rotation rate at a constant traverse speed did not exert marked 

effect on the residual stress distribution but slightly widened the stress range. The 

longitudinal residual stress varied only slightly with depth, whereas the transverse 

stress varied significantly through the thickness. “The sign of the transverse residual 

stress near the weld centre line is in general positive [tensile] at the crown and 

negative [compression] at the root” [59].  

(e) The magnitude of residual stress in FSW is different for different materials [9]. 

These stresses are important because the condition of the stress gives practical impact on 

the fatigue properties and other mechanical properties of the welded plate. This is 

supported by the fact that most weld defects occur at the TMAZ, HAZ and TMAZ/HAZ 

interface [9, 30, 42, 60].  

The inherent internal stresses are believed to be reduced when the bobbin tool is used in 

FSW because of minimal axial and plunge forces which avoid the requirements of rigid 

clamping and high plunge forces.  

A comprehensive study was conducted by Lafty et al. [61] on  4 mm  butt joining of three 

different heat treated states of AA6056 Alluminium alloy (T4, T6 and T8). In this study a 

comparison between CFSW and BFSW was made and the impact of these processes on 

mechanical properties of the welded plate was observed.  From their work it was found 

that the hardness, as shown in  

Figure 2. 19, was higher for CFSW than BFSW (measurements were made at three 

different heights in the weld: top surface, middle surface and lower surface). The lowest 

hardness zones were more confined in BFSW than in CFSW. Moreover, for transverse 

tensile properties, they found that the bobbin tool specimens exhibited both lower 

strength (yield stress and ultimate stress) and ductility (elongation) than CFSW with 
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failure onset being prone at the advancing side. For CFSW the three materials averaged 

around 300 MPa of ultimate stress, 225 MPa of yield stress and 2.0% elongation while 

for the BFSW the averages were around 250 MPa of ultimate stress, 200 MPa of yield 

stress and 1.0% elongation. The loss in ultimate stress was between 7% and 20% of the 

parent material. It has been suggested that these differences are largely due to the fact 

that the CFSW process involved active cooling on the bottom surface which altered the 

temperature. In parallel, the stirring action produced a mixture of different grain sizes 

which eventually helped to harden the material, when compared to BFSW that has a 

uniform temperature and coarse grain size [20].  
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Figure 2. 19: Hardness profile in 6056 Aluminium Alloy as welded condition, (a) T8 (b) T6 (c) T4 [61]. 

 

Softening was found in the weld nugget zone (Figure 2. 19) for both CFSW and BFSW 

and dependent on the parent material. For example different studies using a solid solution 

hardened aluminium alloy (i.e.5083 Al-O) showed that softening would not occur in the 

FSW process because the 5083 Al-O already contained small grains and the FSW process 

induced a uniform  distribution between coarse and fine grains which essentially 

introduced an increased (better) of hardness profile in the weld [9, 62]. In addition, it is 

noted that in either CFSW or  BFSW the tensile properties of the welded plate was found 

to be lower than the parent material (but higher than fusion welding) although there are 

some cases when the FSW processes are capable of producing similar or superior tensile 

properties to the parent stock [61]. 

Postweld heat treatments were introduced by researchers [14, 61, 63] to improve the 

strength and ductility of the welded plate. An example of the applied heat treatment is 

postweld aging. The improvement of this process in the case of the BFSW process is 

shown in Figure 2. 20 whereby postweld aging of 1000 hours at 85°C exposure was used 

for 2139 Aluminium – Copper Alloy [63]. 
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Figure 2. 20: BFSW tensile test performance on 2139 Aluminium – Copper Alloy [63]. 

 

At the current stage, corrosion resistance between the CFSW and the BFSW could not be 

differentiated due to limited sources of available literature in BFSW but both are 

threatened by potential inferior corrosion characteristics. Example studies for CFSW are 

shown in Figure 2. 21 for corrosion attack of 7075Al-T651 following exposure to a 4M 

NaCl-0.5M KNO3-0.1 M HNO3 environment. It was evident that after 24 hours exposure 

(Figure 2. 21 (a)) to the solution, the corrosion was much localized in the HAZ, including 

the outer edges of the TMAZ, and neither the base alloy nor the weld nugget showed 

evidence of corrosive attack. For extended exposure hours, the intergranular attack 

became more severe in the initial attack region and the attack region spread to the entire 

TMAZ regions previously unattacked (Figure 2. 21 (b)). Finally, the intergranular attack 

was also developed in the nugget zone. However, no intergranular corrosion was detected 

in the parent metal (Figure 2. 21 (c)). 

 

 

 

  

 

Figure 2. 21: 7075Al-T651 Al CFSW corrosion attack [64]. (a) 1 day. (b) 2 days (c) 3 days. 
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For the BFSW process an example of corrosion behaviour can be found in Allehaux and 

Marie studies [63] when they welded 2139 Aluminium – Copper Alloy. The corrosion 

test was in accordance with ASTM G110 whereby the specimen was immersed in an 

aqueous attack solution of NaCl+H2O2. The test was performed on as welded plate 

(without aging) and as welded with aging (post weld aging). The conclusions from their 

studies were as welded plate (without aging) and the advancing side of both types of 

welded plate (as welded and as welded with aging) have better resistance to corrosion 

attack.  

It can be stated that based on this literature survey generally CFSW joints have better 

weld properties compared to BFSW but the advantages in BFSW which were stated in 

the Introduction section still indicate high levels of promise for the process. Furthermore, 

it is evident that further studies are required in order to reveal the true potential of the 

BFSW process. 

2.6 DEFECTS IN FSW 

The fusion welding process for metals can be associated with the defects like porosity, 

slag inclusion and solidification cracks which deteriorate the weld quality and joint 

properties. But in FSW, welded joints are free from solidification related defects because 

no melting takes place during welding. Despite this, FSW joints are prone to other 

defects as shown in Figure 2. 22. Typical defects are incomplete root penetration and 

joint line remnant (also termed entrapped oxide defect, piping defect, kissing bond, zig-

zag line and lazy S). Defects, that are difficult to avoid, are known as void, unfilled 

region and volumetric defect (also called pin, worm and tunnel hole) and flash [48, 60].  

Incomplete root penetrations (refer to Figure 2. 22 (a)) are the defect found in CFSW.  

The causes include local variations in the plate thickness, poor alignment of tool relative 

to the joint interface, and improper tool design. In the realm of tool design (refer to Tool 

design section), incomplete root penetration occurs when the CFSW pin is too distant 

from the backing plate.  Thus, some of the material at the root, is not affected by the 

stirring flow effect. When subjected to a bending stress, the friction stir weld will fail 

along the lack of penetration line. If the pin length is designed equal to the thickness of 

the plate to be welded, the stirring force causes backing plate contamination in the 

welded plate. An example of this defect was referred to by Thomas et al. [20] in their 
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studies of  welding 12% chromium alloy (as shown in Figure 2. 23), with a carbon steel 

backing plate which contaminated the chromium alloy resulting in a serious impact on 

localised corrosion resistance.  

Based on Mishra and Ma [14] a joint line remnant defect is due to a semi-continuous 

layer of oxide through the weld nugget (refer to Figure 2. 22 (b) and Figure 2. 22 (c)). 

The semi-continuous layer of oxide was initially a continuous layer of oxide on the 

faying surfaces of the plates to be joined.  The formation of this defect in welding is 

because of insufficient cleaning of workpieces prior to welding or insufficient 

deformation at the faying surface interface due to incorrect tool location relative to the 

joint line, too fast a welding speed, or too large a tool shoulder diameter. Furthermore, by 

referring to Rajakumar et al. [60] and Sato et al. [65] the kissing bond defect that is 

grouped under joint line remnant defects is actually a partial remnant of the unwelded 

butt surface below the stir zone, which is mainly attributed to insufficient plunging of the 

welding tool during CFSW. The mechanism of the kissing bond is related to insufficient 

breakup of the oxide layer due to the inadequate material flow of the contacting surfaces 

around the welding pin. The reason being that is because of the reduction of heat input, 

which results in insufficient breakup of the oxide layer.  

A void formation is due to insufficient forging pressure in the case of CFSW, too high a 

welding speed, and insufficient workpiece clamping (too large a joint gap). Material 

deformed by the friction stir tool must be able to fill the void produced by the traversing 

pin. If the tool design is incorrect, for example the pin or shoulder diameter is too small 

for selected welding parameters, the deformed material will cool before the material can 

fully fill the welding region [2, 14, 66]. Additionally researchers have identified voids 

that occur near the top surface of the weld zone, as pin holes, and near to the bottom 

surface, as worm holes. While a tunnel hole is a long hole defect that runs along the 

weld, either on the surface or subsurface. These defects are due to the weld material 

being unable to accommodate the extensive deformation during welding [8, 35]. 
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Figure 2. 22: Macrostructures identification of defects in FSW (a) incomplete root penetration [14], (b) 

kissing bond  [14], (c) zig-zag [67], (d) void [42], (e) pin hole [60], (f) worm hole [60], (g) tunnel [60] , (f) 

flash [4]. 
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Figure 2. 23: Backing plate contamination [20]. 

 

It is found that most of the welding defects listed in this section such as incomplete root 

penetration, backing plate contamination and void defects, are eliminated or minimized 

when using BFSW. This is because of high tool friction and no cooling influence 

introduced by the backing plate in BFSW process.  The main issue of BFSW under 

idealized condition is not weld defects but the microstructure evolution and obtaining the 

required welding properties. 

2.7 WELDING OF MARINE GRADE ALUMINIUM ALLOY 

Aluminium alloys under the 5xxx series and 6xxx series designations are commonly used 

for marine applications. The major incentive for employing aluminium alloy is its weight 

saving and the fact it has equal or higher structure strength compared to steel [68]. In 

addition, selected aluminium alloys (5086, 5251, 6061 and 6351) are stated to have 

excellent corrosive resistance which is naturally desirable use in marine environments 

[69]. In this section comparative literature review are discuss between fusion, CFSW and 

BFSW processes for welding marine grade aluminium alloy.  

Comparative studies between fusion welding (TIG and MIG)  and CFSW were 

conducted by Taban and Kaluc [70] for butt welds 6.45 mm thick in aluminium alloy 

5086-H32 (stabilised strain harden). As noted the fusion welding required a chemical 

cleaning process prior welding and shielding gas which contributes to a slow process and 

non-environmentally friendly which is not the case of CFSW. For the CFSW trials, the 

cylindrical threaded welding tool was rotated in anti-clockwise direction with 2° tool tilt 

angle. 1600 rpm and 123 mm mm
-1

 tool rotation and traverse speed were used, 

respectively. From the welds results, they found that TIG had 6.65 mm and MIG had 7.7 

mm weld plate’s distortion while only 1.1 mm weld plate’s distortion was recorded for 
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CFSW. The studies generally demonstrated that CFSW joints were more satisfactory 

than fusion welded joints. This was proven by the average joint strength values of the 

CFSW welded joints which were higher than the recorded highest joint efficiency of 

fusion welding (MIG = 270 N/mm
2
, TIG = 260 N/mm

2
 and CFSW = 283 N/mm

2
). 

Besides that, the bend test of the welded plates showed that the CFSW welded specimens 

do not include crack and porosity defects like fusion welded specimens. 

Biswas and Mandal [71] used a cylindrical tapered pin tool made from stainless steel to 

weld 5083 aluminium alloy. A milling machine with 7.5 horse power was used to carry 

out the CFSW experiments. The spindle speed was kept constant at 2000 rpm for a travel 

speed of 112 mm/min, while for the trials with travel speeds of 80 mm/min, 160 mm/min 

and 224 mm/min, each weld was carried out at 1400 rpm and 1000 rpm spindle speeds. 

They found that grain refinement took place in the HAZ and TMAZ. The average grain 

sizes in the parent metal, HAZ and TMAZ were found to be 5.5 µm, 4.7 µm and 3 µm. 

By increasing the travel speed grain coarsening took place, with an average size at the 

TMAZ for travel speeds of 112 mm/min and 160 mm/min were 3 and 3.94 respectively. 

Along with grain coarsening at higher travel speed, a weld hardness increase was also 

observed at the HAZ (from 37.5 HV to 40 HV) but the grain coarsening was not affecting 

the weld nugget zone hardness (hardness maintain at 35 HV). Moreover a significant 

decrease was found for the stress and strain characteristics of the welded plates as the 

travel speed increased at constant rotational speed of 1000 rpm (refer to Figure 2. 24). 

 

 

 

 

 

 

Figure 2. 24: Stress strain characteristics of test specimens along weld line with varying travel speed 

keeping rotational at constant speed [71]. 
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In addition, the microstructural characteristics of 6 mm thick butt welded AA5083-H111 

were observed by Reis et al. [47] when a threaded pin with a concave shoulder and 

conventional tool was used.  The tool was rotated at 250 rpm with travel speed of 127 

mm/min and 2° tilt angle. The researchers mentioned that a refined grain structure was 

clearly visible at the weld nugget zone with a sharply defined nugget boundary on the 

advancing side and a more gradual change on the retreating side. Going from the nugget 

centre to the non-affected material, the grain shape and size change from “equiaxed” to 

“elongated” and from a few micrometres to a few tenths of micrometres. The example of 

grain transition is shown in Figure 2. 25, weld nugget zone - TMAZ. In terms of 

hardness, they mentioned that hardening effect was increased with the decrease grain size 

and it is believed this caused by a dynamic recrystallization. This was contradicted with 

Biswas and Mandals’ [71] findings but the material used by them was  AA5086 

aluminium alloy without any hardening or heat treatment prior to welding. 

 

 

 

 

 

Figure 2. 25: Optical observation of the transition zone between the weld nugget zone and TMAZ [47]. 

 

Moreover, Hatting et al. [41] welded the 6 mm thick 5083-H321 aluminium alloy by 

using various conventional tool designs (refer to CFSW tooling section). The welding 

process input conditions were; spindle speed 500 rpm, travel speed 150 mm/min and tool 

tilt angle 2.5°.  The welding results for the best performing tools can be found in the 

CFSW section in Table 2. 2.   

As Biswas and Mandal [71], Reis et al. [47] and Hatting et al. [41] were using CFSW, 

Colligan and Pickens [44] used bobbin tool to weld 25.4 mm thick 5083-H116. The tool 

had a cylindrical, tapered and threaded secondary feature on the pin with a convex 

scrolled secondary shoulder feature. The welding process input conditions were; spindle 

Weld nugget 

zone 

TMAZ 
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speed 250 rpm and travel speed 127 mm/min. The bobbin tool welding was successful 

and it showed that low spindle speed was used, refer Appendix A1. It is believed, if a 

comparative study to be performed for CFSW and BFSW with similar thickness and 

material type, the travel speed will be higher at lower spindle speed for BFSW compared 

to CFSW. 

In the case of 6061aluminium alloy, Kumbar and Bhanumurthy [8]used three different 

tool rotation speeds and tool traverse speeds in the CFSW process. The tool rotation 

speeds used in this study were 710 rpm, 1120 rpm and 1400 rpm and the tool traverse 

speeds of 63 mm/min, 80 mm/min and 100 mm/min were used. The tool tilt in all the 

trials was kept constant at 2°. Defect free joints could be obtained for rotation speed of 

700 rpm and with a feed rate of 80 mm/ min. In their published work they mentioned that 

“it is essential to have a minimum of 1000 rpm for Al 6061-T651 to obtain similar 

welding speeds”. The weld nugget zone consists of fine equiaxed grains ranging between 

15-20 µm. For the hardness, the profile indicates a higher hardness in the nugget region 

(65-70 HV) compared to the base material (37-42 HV). As for the strength, after 12 hours 

aging the yield strength was 80 MPa, the ultimate strength was 162 MPa and the 

elongation was 15.4%. 

Besides that, Elongovan and Balasubramanian [2] used various conventional tool design 

and sizes in welding 6 mm thickness AA6061 aluminium alloy (refer to CFSW tooling 

section). The experiment inputs used were rotational speed of 1200 rpm and travel speed 

of 75 mm/min. It was mentioned that the square pin produced defect free and satisfactory 

welds. The hardness recorded for the square pin was above 80HV and the welds had 

yield strength of 150 MPa, ultimate strength of 180 MPa and elongation of 17%. 

It is worth comparing the work done by Kumbar and Bhanumurthy [8] and Elongovan 

and Balasubramanian [2] that describe earlier in this section, with the studies done by 

Colligan and Pickens [44] in term of similar material (6061 aluminium series) but 

different tools (conventional and bobbin tools) and material thickness. The welding 

parameter setting adopted by Colligan and Pickens [44] to weld 25.4 mm thick 6061-T6 

was similar to the setting that the researchers used to weld 5083-H11 aluminium alloy. It 

shown that with bobbin tools, the trials produced sound weld at low spindle speed and 
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high travel speed compared to the studies using conventional tools although welding a 

thicker material.   

Other marine grade aluminium alloy studies such as AA5456, AA5052, AA6082 and 

A6005 can be found in previous studies [22, 45, 52, 53, 62, 72, 73], but the work was 

conducted only on conventional tools and at this stage,  studies for bobbin tools have not 

been found.  

2.7.1 Aluminium alloy 6082-T6 

Generally Al6082-T6 is known to have good weldability using fusion method [74], but 

studies had mentioned that this material has high crack sensitivity which required proper 

control of pocess selection [75].  The list of fusion method drawbacks especially in the 

case of INCAT which have been stated earlier and these disadvantages can be improved 

by the FSW method. However, BFSW process for thin plate aluminium is found difficult 

and there are limited studies available, especially for Al6082-T6.   

2.8 COMMERCIAL FSW MACHINES 

The technology breakthrough of FSW has created a market where industrial equipment is 

constructed and is being used for industrial production of aerospace components, 

shipbuilding and transport engineering [11]. In supplying industry with this technology, 

the patent owner, TWI, granted licences to several machine manufacturers for building 

the equipment: Centre de recherché industrille du Québec (CRIQ), China FSW 

centre,  Elektriska Svetsnings-Aktiebolaget (ESAB), FPE Latitude /Gatwick Fusion 

Latitude, Friction Stir Link Incorporation, General Tool Corporation, Hitachi Research 

Laboratory, Manufacturing Technology Incorporation (MTI), MTS Systems Corporation, 

Nova-Tech Technology and Winxen Company Latitude.    

Based on the available information, Table 2. 4 summarizes the technical specifications of 

the FSW machines supplied by these manufacturers. The different welding joint 

geometries contribute to different machine designs. For example China FSW centre 

produces a variety of machine models for various welding needs. Welding machine 

model 2SLM-1040 (Figure 2. 26 (a)) is designed for wide flat panel material, 2LS-012B 

(Figure 2. 26 (b)) is  developed for cylindrical welding and 5LM-020 (Figure 2. 26 (c)) is 

specialized in circumferential welding [76]. 
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(a) (b) (c) 

 

 

Figure 2. 26: Industrial FSW machines (a) 2SLM-1040 (b) 2LS-012B (c) 5LM-020 [76]. 

 

It is noted that the machines which are represented in Table 2. 4, have high spindle and 

travel speeds. This is because these machines focus on industrial uses that need to meet 

the various requirements of different material compositions and thicknesses.  Moreover, 

the author believed that these specifications are developed for the CFSW processes 

which is a mature process compared to the BFSW process. Although there are some 

models, as stated by the manufacturer, that are capable of using bobbing tools in welding 

(H10K and G10K, refer to Table 2. 4) , the machines are compatible of both CFSW and 

BFSW thus a larger window of operational range is offered [77].  In addition, industrial 

applications deal with heavy and large products which require higher specifications.  

On the other hand, the China FSW centre has also produced and promotes research on 

experimental FSW facilities (models; RT31-006, RL31-015, RH31-015 and RS32-015) 

and the detailed specifications are not stated [76]. Further investigations would be 

necessary to elicit these details. Higher machine specifications generally require high 

capital funds for a company to have the machine in their facility. 

On the whole, the machines' specifications that are listed in Table 2. 4 clearly indicate 

that the BFSW process is still not widely used by industry.  This statement is based on 

the spindle speed specification and the structure images of the machines. If BFSW 

machines are to be made commercially available, the machine manufacturers can gain the 

benefit of low spindle speeds and a host of other benefits which were presented earlier in 

this document.  
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Table 2. 4: (a) Commercially available FSW machine specifications. 

No. Model 

Axis (mm) Speed  

Tilt Angle 

(°) 

Force (kN) 

Torque 

(N/m) 

Welding 

Thickness 

(mm) 

Ref. 

X Y Z 
Spindle 

(rpm) 

Travel 

(mm/min) 
Axial  Transverse 

1 RM-1 
700 - 

3000 
300 200   3000  3000 0 - 6 67 - 268 - [78] 

2 RM-2 
2000 - 

3000 
60 500  3000 3000 0 - 10 100 - < 768  - [79] 

3 PM-0 780 370 150 3000 3000 - 15 - - - [80] 

4 LS-1 
1000 –  

100 000 
1000 600 - 5000 +/- 5 - - - - [81] 

5 GG-1 
500- 10 

000 
2500 1270 - 

1800 

mm/min 
-5 to +95 67 - - - [82] 

6 
FSW Panel 

Welder 
12192 152.40 - 500/1500 2500 - 13.34 13.34 240 - [83] 

7 H10K 127 - 406 500 - +/- 3° 45 22 233 - [84] 

8 G10K 3560 optional 203 6500 - +/- 3° optional 44.5 300 - [85] 

10 C10K 1219 76 254 500 -  +/- 3° 45 22 233 - [86] 

11 V10K 600 - 200 2750 - +/- 3° 45 22 119 - [87] 

14 RT31-006 600 300 300 - - - 15 - - 6 [88] 

15 RL31-015 1600 600 250 - - - 15 - - 15 [89] 

16 RH31-015 1000 800 300 - - - 70 - - 15 [90] 

17 RS32-015 1500 800 300 - - - - - constant 15 [91] 

18 2LH-010 17130 - 155 - - - - - constant 12 [92] 

19 3LM-010 2700 600 250 - - - - - - 10 [93] 

20 LM-5025 3500 1500 350 - - - - - constant 25 [94] 

      Note: “-”, not stated/ not applicable                      [continue...] 
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[continue...]  

No. Model 

Axis (mm) Speed  

Tilt Angle 

(°) 

Force (kN) 

Torque 

(N/m) 

Welding 

Thickness 

(mm) 

Ref. 

X Y Z 
Spindle 

(rpm) 

Travel 

(mm/min) 
Axial  Transverse 

21 
2SLM-

1040 
6300 - 300 - - - 130 - - 70 [95] 

22 3TT-1008 1300 - 200 - - - - - - 12 [96] 

23 2XB-020 1500 - 300 - - - 100 - - 20 [97] 

24 2LS-012 2500 - 200 - - - 12 - constant 12 [98] 

25 2LS-012B 2500 - 200 - - - constant  - - 12 [99] 

26 5LM-012 1500 1000 - - - - - - constant 10 [100] 

27 5LM-020 1600 1200 350 - - - - - constant 20 [100] 

28 
6DVM-

020 
4500 200 400 - - - 60 - constant 20 [101] 

29 3LM-025 2400 1000 400 - - - 100 - - 25 [102] 

30 2-4TS-006 500 500 120 - - - 25 - - 6 [103] 

31 LM2-3012 1500 100 300 - - - constant - - 12 [104] 

32 LM2-1020 3000 2000 200 - - - constant - - 20 [105] 

33 ISTIR PDS 1000 2000 680 2000 
X=6000 

Y=10000 
+/- 15° 88.9 31.1 430 - [106] 

34 I-STIR BR 2540 1270 713 4000 - - 22 22 - - [107] 

35 
I-STIR 

VM 
762 508 609 4000 - - 22 10 - - [107] 

36 
GS4 10 

000 
150 - 3250 3000 20 000 - - - - - [108] 

    Note: “-”, not stated / not applicable.  
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(b): 5 axis FSW machine specifications. 

No. Model 

Axis (mm) 
Tool Rotation° 

Spindle Speed 

Force (kN) 
Torque 

(N/m) 

Ref. 

X Y Z A B C Axial  Transverse 

1 V30K  1041 610 406   +/- 10° +/- 15° - 290/1300 134 67 1123/142 [109] 

2 H30K 7925 3962 508   +/- 10° +/- 15° - 290/1300 134 31 1123/142 [110] 

3 G40K 11000 4000 3000 - +/- 20° 405° 1000 178 58 1625 [111] 

   Note: “-”, not stated / not applicable  

(c): 6 axis FSW machine specifications. 

No. Model 

Axis 

Spindle Speed 

Force (kN) 
Welding 

Thickness 

(mm) 

Material 

curve 

diameter 

(m) 

Ref. X 

(mm) 
Y (mm) Z (mm) C (°) U (mm) W (mm) Axial  Transverse 

1 7XB-010 1000 2000 2000 360 20 30 - constant - 10 4 [112] 

    Note: “-”, not stated / not applicable  
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2.9 SUMMARY OF THE STATE OF THE BODY OF 

KNOWLEDGE  

2.9.1 Summary 

The author’s analysis of the literature is that the factors that affect joint quality are; joint 

geometry, tool dimensions, pin and shoulder features, rotational directions, welding 

passes, dwell time, cooling/pre-heating, material microstructure, welding environment, 

material properties/composition, contamination and support. These additional factors 

have been drawn from the insight of other published work in the field [8, 9, 11-13, 15-18, 

20, 33, 41, 63, 113] and also from the background work done by the author to provide a 

near comprehensive list, see Figure 2. 27. However, the main studies by previous 

researchers mostly involve tool design, spindle and travel speed.    

 

 

 

 

 

 

 

Figure 2. 27: Cause and effect diagram. 

 

The definition of factors in the cause and effect diagram is as explained below: 

Material – This is a universal factor. Each material has its own properties and to obtain 

good weld the material characteristics such as hardness, melting point, wear resistance, 

thermal coefficient and rigidity are important.  

Pin and shoulder – The author categories these features as the primary features. Each 

primary feature can be associated with secondary features. For example surface features 
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and shape (refer Tool Design section). In the case of bobbin tool, the additional shoulder 

at the bottom required the gap to be appropriate set. This is because it will affect tool 

load hence influence the amount of heat and material flow. To cope with high material 

flatness tolerance and machine rigidity, adaptive bobbin can be use.   

Tool dimension – The dimensions of the tool features such as pin length, pin and 

shoulder diameter. D/d ratio is used to indicate the relationship between shoulder 

diameter (D) and pin diameter (d).  

Floating versus Fixed Flanges – The tool itself can be rigidly held by the rotating shaft or 

floating (refer Bobbin Friction Stir Welding section). 

Clamping force - The restraining forces use for holding the plates in place while welding. 

The clamping force will generate strain in the weld (refer to Weld properties section) that 

influence the weld quality. 

Stiffness of clamping system – The rigidity of the clamping system that can restrain 

welding forces and vibrations generated when rotating tool travel passes through the 

plate. 

Heat conduction - The rate or amount of heat distributed throughout the process. 

Clamp geometry – The design of the fixture that eases the inherent FSW process stresses.  

Clamping/Support position – This is the heatsink factor that determines how much heat is 

absorbed away from the welding plate.   

Joint geometry – FSW is capable of fabricating most joint configurations. Butt and lap 

joints are frequently reported in the research studies.  

Humidity – The dampness of the air quality while the welding was performed may affect 

the oxidation. 

Cooling/ preheating – If hard material is to be welded or if the welding tool is not capable 

of producing sufficient heat to weaken the material bonding, preheating prior to weld will 

be required. On the other hand, sudden cooling can generate fine microstructure which 

can improve material properties. Consequently cooling systems could be implemented to 

the welding process. 
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Surrounding temperature – Plate will be preheated if surrounding temperature is high and 

extra heat generation will be required if the process is done under cold conditions. 

Melting point – Tool properties should be capable of hold up under the generated 

temperature while stirring the material. 

Material composition, microstructure and properties – Different materials will have 

different resistance to friction which required appropriate welding setting. 

Material thickness – This parameter is important in identifying appropriate tool design 

features and dimensions. More heat is required for thicker materials. In addition, the 

FSW tool should be capable of withstanding the torque developed while stirring the 

material.  

Contamination/Oxidation – Some of the contamination/oxidation can be displaced from 

the friction heat generated by the shoulders and some will be trapped inside the weld 

area.  This causes impurity of the weld area or void formation due to the trapped gases. 

Traverse speed –Also known as travel speed. The speed of the tool movement on the path 

of the welding direction, normally measured in millimetre per minute (mm/min) or inch 

per minute (ipm). 

Plunge force – The force that causes CFSW tools to compress into the welding plate. 

Rotational speed – Is the rotational frequency of the spindle of the machine. Also known 

as spindle speed, measured in revolution per minute (rpm). 

Rotation direction – This is the direction of spindle movement. It can be either clockwise 

or counter clockwise which also interacts with the handedness of tool features. 

Passes – The complete number of trips done by a tool on the weld area.  

Dwell time – The time taken for frictional heating to build up under the tool prior to a 

welding run being initiated at the required travel speed for material readiness. 

2.9.2 Gaps in the body of knowledge 

It is recognized that tool design is the key to the successful application of FSW [33, 41]. 

The reasons being that are the inherent effects on heat generation and mixing formation 
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of the weld. However at present there is no universal tool for FSW and each tool requires 

welding process optimization due to the interdependency of each welding feature [11]. 

Consequently, many studies have been under taken on heat generation and material flow 

when different tool features and welding parameters were used in order to understand the 

thermal and flow effects and so that welding guidelines can be suggested [12, 32, 49, 

114, 115]. Besides this there are also researchers have adopted the design of experiments 

technique to help optimizing the welding process [31, 116].   However all these studies 

were done in a piecemeal manner, and primarily for CFSW rather than BFSW. As stated 

in the problem statement section, the differences between CFSW and BFSW may seem 

small, but the additional shoulder has a major effect on the functional consequences. 

Hence the importance of BFSW studies.  

The BFSW process is difficult to commercialise because of the process variability, the 

covert variables, and the unknown relationships of cause and effect. There is a need to 

optimise the BFSW process for a fixed bobbin tool. However, before the optimisation 

process through modelling or empirical studies can be done, there is a need to identify 

the process variables and their interactions.  
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METHODOLOGY 

 

The purpose of the project was to determine the process variables, and optimise them for 

the specific situation under examination, namely AL6082T6 thin sheet. The investigation 

was focused on straight butt weld configurations of Al6082-T6 using fixed gap bobbin 

tool across the substrate extrusion direction. The welding was performed using a CNC 

milling machine as the main platform. Some preliminary work was done using a 

conventional manual milling machine and portable FSW machine.  The size of a single 

plate was about 260~280 mm (length) x 130~140 mm (width). Some of the background 

investigations were established using smaller material size. The thickness of the substrate 

was extruded 4 mm plates as supplied by INCAT. However the thickness was variable 

and some of the plates required machining, in which case a new benchmark was set at 

3.70 mm thickness. This provided a reasonable balance between staying close to 4 mm 

and still having enough plates to work with. Supply of raw material from ICAT was 

erratic and constrained the empirical testing. Tools were produced matched to the weld 

thickness.  

The welding starts when the substrate is fed into the tool rotating in a fixed position. This 

means that the machine table is holding the substrate and moving it towards the tool. The 

feed is from the edge of the substrate and is initially at a lower feed rate (to reduce 

forces) before the welding parameters were applied. CNC machines readily permit this 

level of control. The entry feed rate was about 40-50 mm/min.  

A typical test involves a weld of about 250 mm in length. Experience shows that the first 

40 mm is required to establish the weld, and the last 25 mm has poor weld quality as the 

tool begins to exit the substrate. This gives about 200 mm of weld region, which is 

sufficient to excise samples for microscopy and physical testing. The welded plates were 

then tested following the DNV regulations and standards in as-welded condition. The 

experiments did not attempt an extensive design-of-experiments approach, since the 
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variables were not all evident at the outset, but instead focussed on key combinations of 

variables.  

3.1 INITIAL APPROACH 

The intended approach was to take a design of experiments (DoE) factorial approach. 

This involved determining the appropriate variables from the literature (e.g. feed, speed, 

tool feature), selecting a number of levels for each (e.g. slow, medium and fast feed), and 

then conducting physical tests. Welded plates would then be subject to a variety of tests 

(microstructure, hardness traverse, physical properties, tensile test, bend tests).  The 

mechanical tests (tensile and bend tests) were setup according to DNV rules [117]. At the 

end of the works, a process window of tools would be suggested to INCAT and 

technology transferred to their facilities. 

However, as the studies proceeded it was apparent that there were many convertible 

variables affecting the weld quality (see Chapter 2).  This means the condition of the 

variable change from a control variable to uncontrollable variable. Assuming there were 

six parameters considered with five settings (levels), for the full factorial experiment to 

be conducted, there would be 5
6
 = 15625 runs required. Therefore, in approaching the 

excessive empirical work requirement, Taguchi methods were considered. This amount 

of experiments can be reduced to only require 75 runs (25 runs x 3 repetitions) [118] . 

Then, the response surface methodology (RSM) experiments could be conducted to 

reveal the relationship between the significant factors, besides conducting the statistical 

approach such as the analysis of variance (ANOVA).  

An existing welding machine was procured for this testing (refer Chapter 4), and the 

industrial partner was to provide the necessary aluminium plates (this grade is relatively 

specialised and not readily available in New Zealand). 

The research initially (9 months) commenced along this approach. However the work 

suffered a number of significant setbacks and the approach had to be rethought. The 

issues were as follows:  

1. The welding machine proved to be adequate as a technology demonstrator but 

wholly unfit for a controlled research programme. The issues were poor 
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positional control of the tool, due intrinsic machine-design problems, which 

caused the bobbin type tools to repeatedly jam.  

2.  The process was unstable. The DoE method requires that the variables are all 

identified. If there are covert variables that affect the processes, then the 

experimental results will be inconsistent, and this is what happened in this 

situation. After a number of initial welding trials, it became apparent that there 

were many more variables than identified in the literature at the time. The effect 

of these variables is injecting statistical noise into the results and confounds the 

interpretation of results. Also, it was apparent that some variables are compound 

parameters with their own deeper levels of complexity. Thus the welding 

mechanics were insufficiently defined by the available variables. To include all 

these, if they could even be identified, would vastly increase the number of 

experiments required. 

3. To undertake the objectives of the investigation, the initial understanding was 

built on the literature about single shoulder tools as well as the information from 

past works done on the existing procured welding machine (the portable BFSW 

machine) which was provided by INCAT to the University of Canterbury. 

However, the previous trials undertaken using the procured machine by INCAT 

used different Aluminium grades, namely the Al5083 and Al6061 with 6 mm 

thickness, hence different process parameters were required. Later research in the 

literature has acknowledged the difficulties for thin plate Aluminium (1 mm-5 

mm) using BFSW, which is not the case for thicker Aluminium sheet (6 mm 

above) [28, 119, 120]. A recent study that uses the fixed bobbin tool suggested 

that for thin plate Aluminium (3 mm-5 mm), the weld initiation and welding tool 

characteristics were crucial to obtain good quality weld for a thin plate substrate 

[121]. They managed to produce sound welds at higher feed rates (travel speed) 

than other researchers. Additionally, there were also studies that  managed to 

produce sound welds at different process settings using a featureless tool [122] – 

this is challenging to achieve and the process parameters has not been replicated. 

Divergent findings make the studies quite challenging and suggested that other 

variables are involved, hence a bigger quantity of trials was essential. This also 
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revealed the opportunity for further investigations as there is still much unknown 

about the process. 

Consequently, it was necessary to take a different and a more explorative approach to the 

problem.  

3.2 RESEARCH APPROACH: ADAPTED 

Given the initial setbacks, the approach was changed to the following.  

The purpose of the investigation was refocused to determine what hidden factors were 

affecting weld quality, and to determine the causal relationships (where possible).  This 

required a more explorative approach compared to the DoE method. The area of specific 

interest continued to be how the tool features and process variables (feed, speed) 

interacted, but the focus changed to understand these independently.  

There was a need to develop new hardware to support this programme of research. This 

required moving to a new machine platform, developing a load-cell platform and data 

acquisition system, and fabrication of bobbin tools.  

The approach was to select a tool with minimal features (e.g. a plain pin), and conduct 

tests at different process settings. Those tests were repeated for different tool features, 

and combinations of tool features. During the investigation, several other promising leads 

were followed, such as the shoulder-gap compression, types of machine, methods of 

fixation and support rigidity.  

Insights gained were used to create a conceptual model of the proposed causality. The 

different parts of this approach are elaborated below.  

3.2.1 Hardware development 

3.2.1.1 Develop Welding Platform. 

The study was started from a portable prototype rig that was provided by INCAT. This 

was to be the main platform for this study, but it was found that the rig had issues related 

to the structure and electrical components. The commission of the rig was challenging 

with minimum welds able to be produced. During the studies using the prototype of the 

portable fixed bobbin FSW equipment and a statically changed tool which is shown in 
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Chapter 4 for the purpose of producing a butt weld on the Al6082-T6 of 6 mm thick 

plate, hardware failures were encountered and the spindle motor frequently stalled whilst 

the machine structure rigidity was questionable. At this stage minimum welded plates 

were produced under difficult conditions. It was later brought to attention by INCAT that 

their early work with the rig was only successful with 4 mm thick Aluminium alloy, 

hence the study was directed to weld 4 mm rather than 6 mm plate. Extruded 4 mm plates 

were supplied by INCAT instead of 6 mm as initially proposed, but the success was no 

better, because electrical components and structure rigidity were encountered with the 

rig. A decision was made to upgrade the existing prototype rig, including its electronic 

controller. Although some progress was made towards improvement, the level of 

makeover and the fundamental inability to change the rigidity problem led us to question 

whether this would really be worthwhile. Consequently, the research was directed to a 

milling machine, initially a manual milling machine and then a CNC mill. The scenario 

comparison between using the procured machine and milling machine as the welding 

platform is shown in Table 3. 1. 

Table 3. 1: Lists of works required between two welding platform for welding investigation purposes. 

Scenario A Scenario B 

Welding platform: Fixing existing prototype 

rig Welding platform: Milling Machine 

    

-Design and manufacture tools. -Design and manufacture tools. 

-Welding bed and carrier modification. 

-Design and manufacture force platform. 

  

-Develop/upgrade machine control software.   

-Electrical motor and variable speed drive 

procurement.   

-Procured a set of belts/pulleys   

  

 (Using available material, instrument and components in 

the workshop). 

-Data acquisition development which at least include: 

     -2 axis force platform (X and Y). 

    -Temperature on plates. 

    - Spindle speed. 

    -Current motor measurement. 
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3.2.1.2 Building the data acquisition system.  

Although the milling machine was chosen to be the welding platform, a data acquisition 

system was required to measure process response. That required a force platform and 

data hardware system.  It was desirable that this data acquisition system should be able to 

be used on either a manual milling machine or a CNC milling machine. But, due to the 

limited funding compared with the high cost of procurement, it was necessary to build a 

comparable unit. The construction has taken a considerable duration of time that includes 

design, production, calibration, modification, software and commissioning that put 

pressure on the time available. Additional operational pressure was also present because 

this investigation needed to fit in with other projects that also required use of the milling 

machines. 

3.2.1.3 Bobbin tool fabrication. 

Tools play a significant role in weld formation. This is because of the direct contact 

between the tool surface and substrate. As a result heat is generated and material stirring 

takes place. Broken tools while welding and unacceptable weld formation due to the 

improper tool condition (induced by the process and tool setup) are costly to the process. 

To retrieve a tool that was stalled during the process as well as to clean trapped substrate 

from the tool was challenging and time consuming. Therefore, a series of tools were 

designed and produced. The methods of tool fabrication were discussed and were 

compared to the available tools donated by INCAT. The production of bobbin tools is 

expensive, due to the fine geometric features required and the constrained space in which 

to conduct the machining operations. A novel method was devised to make the tools 

easier to produce, which resulted in a patent submission (Appendix A5.2).  

The explanation about the problematic issues and limitation of welding platforms, the 

development of the data acquisition and the tool fabrications are given in Chapter 4. 

3.2.2 Test plan 

The experimental intention was to conduct a number of tests by taking variables in small 

groups (as opposed to all together as in a DoE design). This has been done in order to 

find a control condition that was supportive in producing good weld formation. Based on 

the valuable insights that were gained through the test plans, the main factors affecting 
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the welds were then explained in Chapter 5. The test plans that have been conducted are 

as listed below. Each welded plate was given a unique identification associated with has 

the details on the approach taken. This can be found in Appendix 6. The main variables 

were as follows: 

i. Varying distance between top and bottom shoulder.  

Tools that were procured with the weld machine poorly performed. The details of 

these tools can be found in Chapter 4. Based on the reason that the tool shoulder 

should have intimate contact with the material to be welded, fixed/constant gap is 

required in each run. This could not be achieved for tools that were mechanically 

fastened by screws and nuts whereby the shoulder gap was approximately set up 

using slip gauges. The variability introduced by the tool setup was too high. 

Therefore, single piece tools were fabricated. Three levels of interference were 

selected. The welding investigation was done using a workshop manual milling 

machine. A data acquisition system was used during the experiments. We suggest that 

this factor is important. The results have been written up as a paper and presented at 

the TWI international friction stir welding symposium which was held in Beijing, 

China on 20 – 22 May 2014 [123]. 

ii. Changing spindle and travel speed.  

As the literature shows (Chapter 2), these parameters are commonly involved in 

determining the quality of the welds. However, divergent findings between 

researchers causing poor repeatability and good welds are difficult to produce 

reliably. This resulted in another finding which suggested that other covert variables 

are involved. Additionally, because of the variability of the materials on hand, the 

studies were further challenging. Even within one batch of material supplied by the 

industry, there was high variability in hardness. Nevertheless, the runs were 

selectively performed with changes in spindle and travel speed. The region of spindle 

speed was tested from 350rpm to 2000rpm. The feed rate was between 50 mm/min 

and 2000 mm/min.  

iii. Welding using a variety of tool configuration. 

Based on the background literature, the tool feature is one of the significant 

parameters affecting the weld quality that has been widely discussed in CFSW. 
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However, the BFSW case has received less attention in this area.  The additional 

shoulder and the full penetration of the pin in the substrate will affect the material 

flow, heat and force generated when the tool dynamically engages the substrate. 

Therefore, different tool pin features were fabricated ranging from a featureless pin to 

the ‘full feature’ pin (threads and flats). The details of the tool can be found in 

Chapter 4. Four levels of shoulder features have been involved in the investigation. 

The features were concave edges, tapered shoulders, flat surface and scrolls. The 

concave edges are supposed to function as a well that holds plasticised substrate 

which has been compressed by the shoulders. The scrolls are purported to have the 

main function of feeding materials from the edge of the shoulder to the pin. The 

results of the fabricated features of these tools are discussed.  

iv. Welding using different equipment. 

Through the leads developed during these investigations, it was found that weld 

formation can be affected by the welding platform itself. Although a similar 

parameter was set, i.e spindle speed and travel speed, the rigidity of the set-up and the 

machine controller was shown to affect the dynamic engagement of the tool, hence 

altering the plasticity flow of the material and consequently affected the weld quality. 

Four different welding platforms have been used. First was the prototype machine 

provided by INCAT which was later found defective which required an intensive 

rebuild. Then a workshop manual milling machine and two different brands of CNC 

milling machines were tested. These two CNC milling machines were comparable in 

physical size, both were 3-axis CNC machines, but from different manufacturers. The 

machines were: (a) 1996 Okuma MX-45VAE with OSP 700M control unit and (b) 

2000 Richmond VMC 600 with Fanuc control unit. The Okuma machine had a 10 

horsepower motor and the Richmond had 14 horsepower capability.  

v. Changing the way the tool is held by the machine. 

Aluminium plate, will commonly have profile tolerance [124, 125]. In addition, thin 

plate aluminium is less stiff compared to a thick material. This unwanted variability 

can be minimised by introducing a floating mechanism that holds the tool. However, 

the idea to fabricate a floating tool was not pursued further when it became apparent 

that there already existed floating collets as used for tapping threads on CNC mills. It 
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was expected that a floating tool would permit the tool to follow variations in plate 

thickness or thermal distortion in the vertical axis. The floating tool-holder had a 

vertical tolerance of 4 mm and a down-force of about 14.5 N (which is small) as well 

as fitting clearance of about 1 mm. It consisted of adapters for various sizes of tools. 

To take the advantage of the floating tool holder, plates at the entry position were 

tapered. The tool was then positioned between the plate thicknesses prior to welding. 

When the tool rotated and travelled, the tapered substrate should aid self-positioning 

of the tool.  Results are presented on the efficacy of this.  

vi. Using different method to hold the substrate. 

Based on the experience gained from the INCAT welding machine, it became evident 

that rigidity is important. The substrate is required to be held rigidly by the fixture, 

and also the machine itself needs to be stiff. This is to minimise vibration that can 

impact the weld formation. Therefore, a comparison study of material being fixed on 

a rigid fixture and the force platform was conducted. The built force platform was 

found to introduce some movement to the substrate during welding. 

vii. Welding in different directions. 

Plates can be welded along and across the plate rolled direction. However, in FSW 

literatures, we found that the welding direction is rarely stated. Our work found that 

the welding direction changed the weld strength. Although this can be obtained 

through longitudinal or transverse tensile test regardless of welding direction but 

information prior welding is essential for reproducibility. In this investigation, plates 

in both directions were welded using similar parameters. The welds were then 

subjected to mechanical tensile test as stated in the DNV test.   

viii. Weld on plate configuration. 

This setup was used by us in the earlier studies for building knowledge. This type of 

welding was conducted due to the limited availability of the substrate. The objective 

was to find the process window of the welding parameters. The outcome of this 

approached was then published in [21].  
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ix. Minimising the heat dissipation during welding. 

It was anticipated at the beginning of the work that the process does not provide 

enough heat to weaken the bonding of the substrate, hence, producing poor quality 

welds. Most of the heat was believed transferred into the support. Therefore, an 

insulation method was introduced by using Formica substrate at the location between 

the plates and the support. The findings from this approached was no different 

without the insulation, hence lead to a conclusion that heat dissipation towards the 

support is not the main issue in incomplete weld formation.  

 

x. Welding using different mechanical properties of tools.  

Two different materials have been used for tooling fabrication, namely H13 tool steel 

(hardened) and 4140 steel. Although high strength tool is essential for FSW, the 

investigation has used one of a high tensile material for fast tool production – no 

hardening required and low cost materials – readily available in the workshop. The 

hardness of the 4140 steel is similar to the H13 tool steel hardened material, but at 

fraction of the tensile strength. Good welds formation have been successfully 

produced using 4140 tool material, but, the assessment lead to a conclusion that 

stronger tool will increase production rate by allowing faster travel speed.  

 

xi. Different substrate dimension.  

The availability of material to be welded was limited. This will be explained later. 

Therefore, plates that have been subjected for welds were recycled by removing the 

weld location. Additionally, these plates were cut to smaller pieces for allowing a 

bigger test regime.   

With reference to the literature, some researchers have not stated their plate size 

compared to plate thickness. Through our investigation it was found that plate size 

plays a significant role in its own right, which required different welding parameters 

for successful welds.  
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xii.  Welding different grade of materials, namely Al5052 H32 (4 mm thick), Al2024 

(0.190” ~ 4.826 mm).  

The challenges that present for producing good weld formation, limitation of material 

and metallurgical challenges (will be discussed later in this chapter) have caused the 

investigation to try different aluminium. Al5052 is locally available which is widely 

used by the workshop and a small sample of Al2024 was obtained from Air New 

Zealand. However, similar weld formation was produced when welding Al5052 H32, 

while welding Al2024 caused a broken tool. The work has not been continued 

because the results lead to better tool characteristics being required and Al2024 is not 

locally available.  

xiii. Perform welding at lower grade of temper. 

Welding the linished Al6082-T6 with skimmed or not skimmed finish has shown low 

repeatability that resulted in broken tools. It was believed that the material can be 

work hardened causing poor weld formation. This is because of the sudden hardness 

increment between the heat affected zones of the parent material [126]. Additionally, 

based on individual plate hardness measurement, it is found that most supplied 

material had higher hardness than the specification permitted.  Therefore, in order to 

reduce the material hardness, these materials were subjected to one hour furnace 

treatment at 415° Celsius to remove the temper. The objective was to reduce the 

chance of tool breakage and provide more material for study.  

xiv. Performing welding of dissimilar alloys (copper and aluminium). 

Welding copper to aluminium would help reveal the internal material transportation 

and flow caused by various tool features.  This cannot be seen so well when similar 

material is welded together. The trials were conducted in two ways. First is 

Aluminium is at the advancing side and then at the retreating side.  

3.2.3 Conceptual modelling approach 

3.2.3.1 The casual parameters in bobbin friction stir welding.  

Most researchers focus on spindle speed and travel speed parameters as the main factor 

determining the weld quality. It can be said that the previous work only focused on the 

influence of a limited set of variables. The causal effects of parameters such as machines, 
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fixtures and tool holder have not been given attention.  This is important because most 

studies used specific hardware such as dedicated friction stir welding machines, milling 

machines or even robotics. These welding platforms have their differences in terms of 

rigidity, clamping, induction motor characteristics, and controller strategy. It influences 

the dynamic interaction between the tool, the substrate, and the plastic material flow that 

is stirred around the tool, the way the tool grabs and releases plasticised weld material 

controlling the reproducibility of the welds. But these are invariably taken for granted, 

therefore there are additional variables that affect the welding process, and which affect 

the transferability of settings from one situation to another. Because of this these casual 

parameters were selectively investigated and their contributions to variability were 

highlighted. The results are shown in Chapter 5. 

3.2.3.2 Establishing relationship between process inputs and weld 

formation. 

A number of new casual parameters were identified during the investigations stated in 

Chapter 5, and their effects to the weld quality were summarised.  The influence of these 

factors was explained in term of deflection, rigidity and material transportation, and how 

those affected the quality of the weld formation. A conceptual model was developed. 

This uses integrated definition zero (IDEF0) notation, which is a form of function 

modelling used in systems engineering. The model provides a concise representation of 

the causal relationships that were established during the studies.  This method is useful 

for practitioners as a guideline to seek explanation on weld repeatability issues as well as 

to optimise the welding process. The suggested IDEF0 diagram for practitioners can be 

found in Chapter 6.  
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CHAPTER 4 

HARDWARE DEVELOPMENT AND 

IMPLEMENTATION 

 

In order to undertake the methodology, necessary hardware had to be designed and built. 

This chapter describes the development and capabilities of the hardware. This chapter is 

divided into three sections; Section 1: The welding platform, Section 2: The data 

acquisition development and Section 3: Bobbin tool fabrication. Each section elaborates 

the developments that were done for the investigations.   

4.1 THE WELDING PLATFORM 

4.1.1 The portable friction stir welding machine 

The project was started with the prototype unit of a portable BFSW which was provided 

by INCAT, see Figure 4. 1. The rig was developed for the butt weld configuration and 

was constructed by an engineering research company called Graham and Associates 

located in Tuscon, United States of America. They developed the machine for the 

purpose of demonstrating to INCAT the feasibility of BFSW replacing the current 

joining technique. The machine had been commissioned at the INCAT facility, but the 

trials were then ceased when the priority was focused on the shipbuilding demand. 

INCAT had little success in using the rig. They only managed to produce welds on 4 mm 

thickness of 6000 series aluminium with low productivity.  The reasons were because of 

the complicated process setup and hardware malfunction, e.g. load bolt.  

The machine consists of three main parts; (i) control panel, (ii) welding cart and (iii) test-

bed bench.  The control panel contains a user interface for system control and 

monitoring. The interface was developed under the visual basic environment (VBA). 

Through it, users can set the feed rate and spindle speed. Graphed plots of welding 

direction, load (Ib) and percentage of current usage versus run time were continuously 
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plotted as the welding progressed. This was essential for the process monitoring to 

prevent overloading and allow adjustment on spindle and travel speed if required.      

 

Figure 4. 1: Prototype of a portable BFSW. (a) Test-bed (on arrival from INCAT). (b) Welding cart. (C) 

Control panel. 

 

The welding cart was used to support the spindle and feed motors, gear components as 

well as the welding tool. The rotation of the tool was geared from the motor spindle 

sprocket. Steel chain and rubber rollers were used for the cart translation on the square 

beam of the test-bed. In order to control the linear movement of the welding cart, side 

restraints were used. For the test-bed besides supporting the cart which travelled on it, the 

test-bed was also used for securing the substrate to be welded prior to welding. Fixtures, 

bolts and nuts were used during the setup. Figure 4. 2 illustrate the restraints used by the 

machine. 
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Figure 4. 2: Restraint mechanism used by the prototype rig. (a) Bar restraint. (b) Bolts as vertical retainer. 

(c) and (d) The side restraint that position the welding cart at the middle of the test bed. 

 

The commissioning of the prototype rig at the University of Canterbury was faced with 

difficulties. There were five main issues that have been identified for the reliability and 

welding reproducibility. The details as follows: 

(a) The specification of the system. 

The existing variable speed drive (VSD) ID15H205-E controller and Baldor 

VM3161T motor were designed to run at 60 HZ (United States (US) specification) 

but in New Zealand/Australia the frequency standard is 50 HZ.  To run the 60Hz 

motor on a 50Hz supply, results in a significant loss of motor torque. This also has 

been stated in [127]. To prevent this loss and also to provide the advantage of an 

increased torque window, the replacement for a 50 HZ motor/control was required.  
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(b) Hardware failure. 

VSD, load bolt, load cell amplifier and relay were found to malfunction during the 

commissioning of the rig. It was found later that these failures can be related to the 

unreliable shunt transformer which provides inconsistent voltage conversion.   

 

VSD: When starting the motor from a standstill situation, the motor sometimes 

fails to start rotating and eventually it trips on over current. To overcome this, a 

push was required to the output spindle and it then slowly spins up to speed.  

Depending upon the direction of the push the spindle dictates the direction of 

rotation the spindle subsequently adopts. The electrical motor found can 

arbitrarily rotate either clockwise or anticlockwise when started (no push was 

needed). This is despite the controller specifying a preferred direction of rotation.  

Load Bolt and load cell amplifier:  These components were used for chain load 

measurement and monitoring. The chain load was assumed to be similar to the 

welding force in the welding travel direction. Without the data, tool positioning in 

the welding direction prior to welding cannot be determined; hence, this can 

affect the readiness of the material plasticity. Current demand for the electric 

motors will increase proportional to the increment of the force and can cause 

failure to the motors as well a broken tool.   

Relay: The rig was built with a mixture of electrical components that required low 

and high power supply. The relay (switch) which was used to separate the power 

supply, but when the switch didn't work or short circuited, other components that 

depend to the switch can be compromised.  

It was found later, that the malfunction of the above components is believed to be 

related to the failure of the shunt transformer. The AC voltage conversion was found 

to not be consistent, hence, affecting the condition of the electrical components.  

(c) As Built structure of the rig. 

Severe vibration was generated during the welding operation due to compliance to 

the resistance generated at the interface between the bobbin tool and the substrate to 

be welded. This is because the square beam and rubber rollers that were used in the 
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built structure were not rigid enough to hold the generated resistance. This led to 

loosening bolts that were able to push the substrate away from the fixture. Besides 

that, lack of restrains and wrong interpretation of significant welding force direction 

causes the welding cart to be easily misguided, whereby the cart anterior to the tool 

was skewed to a side (following the rotation of the spindle motor). Additionally, the 

welding cart was observed pulling the substrate vertically. Hence, potentially slipping 

the material from the side wall fixture.  Besides that, surface variability of the rubber 

roller, rectangular beam and the height adjustment mechanism (i.e. Insert (shims) and 

vertical support roller) introduce variation towards tool position (vertically), hence, 

additional stress was introduced that led to vibration. These were major design 

deficiencies in the apparatus as supplied.  

 

(d) Working space. 

The space for installing the bobbin tool to the welding cart is narrow. The user needs 

to go around the welding cart to secure the tool at the shank using a set of fixation 

(screw, locking nut and washer). Positioning the tool is challenging because although 

the vertical position can be adjusted using the insert and vertical support roller, 

further accurate control can be done during the tool installation. However, the 

substrate that needs to be welded must be placed on the test-bed and the welding cart 

needs to be positioned near it, hence, causing the working space for tool installation 

to become narrower. This difficult and time-consuming set-up task reduced the 

productivity of the apparatus.  

 

(e) Data acquisition. 

The rig had limited sensors; hence process response towards weld formation and 

quality could not be established. The rig had spindle current, travel feed, spindle 

speed and travel force measurement. As the studies grew, forces perpendicular to the 

travel direction is found important and the dynamic oscillation of the forces is 

important for determining the ‘slip-stick’ of the substrate.  Relying on the travel force 

which is monitored at the steel chain load is not enough and less accurate.  

The stated issues complicate the welding process which significantly affects the 

productivity. This situation was worsened by limited motor capability. This is because, 
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during the welding the spindle motor can be tripped, causing the bobbin tool to be stalled 

by the substrate, refer to Figure 4. 3. Stalling occurred when the chain load was increased 

as a result of the tool being unable to plasticise the material. To overcome the increased 

load, the current supplied was increased by the VSD to the spindle motor. However, the 

current supplied was too high, causing the electrical motor to stop working. This was one 

of the features built inside the motor by the electrical motor manufacturer to avoid 

damaging its components. On the other hand, if the material was unable to be plasticised 

and the process continues a broken tool will occur that is not preferred.  

 

 

Figure 4. 3: Stalling. (a) Trapped bobbin tool. (b) Plotted graph for stalled situation. 

 

The stalling introduces a difficult situation for retrieving the bobbin tool that is trapped. 

This is because the process required the steel chain to be loosened, the material fixation 

needs to be undone and the heavy welding cart needs to be lifted. Once the substrate and 

the tool were taken away from the rig, then the tool needs to be disassembled which 

involves a manual process cleaning the substrate that accumulated on the tool surface. 

However, the feed motor which was also running at 50Hz (New Zealand current 

specification) has not stalled. The reasons are because of the type of motor used and the 

function of the motor in the rig. The feed motor was the brushless motor type which has 

better torque per weight and power (watt) as well as efficiency. This type of motor is 

expensive; hence, the application was at the location where less torque is required. 
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Before the motor can be tripped, the welding cart will indicate a sign of being misguided 

whereby the chain load increased in oscillation. The spindle current will first trip, then 

trigger the user to stop the operation. 

To sum up, the limitations with the welding apparatus supplied at the start of the project 

were: 

 Lack of stiffness. This is a mechanical design deficiency. It is intrinsic to the 

design and impossible to remedy. 

 Lack of precision of control of welding locus. This is a mechanical design 

deficiency. 

 Excessive backlash. This contributes to lack of precision and also causes 

jamming.   This is a mechanical design deficiency. 

 Inability to cope with the welding forces. This is an electrical design deficiency. 

 Excessive set-up time and poor usability. This is a mechanical design deficiency. 

 General unfitness for purpose in the sense of not being able to reliably make 

welds. 

Nevertheless, with such difficulties and limitations, some welds were managed to be 

obtained. The welds were only conducted using on the plate configuration on a 6mm 

thick Al6082-T6. Samples were then sent to University of Tasmania
a
 for the mechanical 

test on behalf of us. Based on their results the highest tensile reading obtained was 140 

MPa. Most of the welds have void/tunnel at the advancing side. The welded strength is 

low which is suspected due to the high spindle speed. Further information about the test 

which was conducted by them can be found in [128]. However, the success was random 

and involved replacement of electrical components and installation of additional restraint 

to the plates and welding cart.  

                                                 

 

 

a
 Joint thesis supervision between University of Canterbury and University of Tasmania, Australia. 
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4.1.2 The milling machine 

Following the difficulties faced in using the prototype rig, milling machine was used as 

the welding platform. The purpose was to eliminate the drawbacks of slow process setup, 

poor rigidity compliance, and unreliable process parameters, limited motor capability, 

etc. Successful trial runs were made on a manual milling machine. The outcome of the 

investigation using the conventional milling machine was published in [21].  

On the other hand, the conventional milling machine has its own limitations. The reason 

is because by referring to the specification of the machine it has low resistance to high 

process load (force). This is not ideally suitable for FSW processes with anticipated high 

forces.  

Also, the manual milling situation is unfavourable as the system does not have a 

feedback loop. This is common for this type of machine that is primarily designed for 

workshop use. Additionally, the spindle speed is geared by v-belt configuration that can 

cause slippage which reduces the speed and torque. Also, at high travel speed slight 

movement of the milling table can be observed. These resulted in spindle speed and feed 

rate that is dependent on the process load. Consequently there can be long periods of time 

preparation, i.e. tool positioning, spindle and feed rate adjustment before run due to the 

slippage.  

Therefore, the use of a CNC milling machine is potentially more favourable in this case. 

The feedback loop (information monitoring) that is built-in to the system enables the 

input parameters to be maintained throughout the process. Nevertheless, the machine 

control and electrical components in the CNC milling machine can induce variability in 

the welding process, as shown later.  

However, with the rigid structure and ease-to-setup process given by the CNC milling 

machine, there is a requirement for investigating the process response using data 

acquisition. A force transducer or other measurement means is essential for focusing the 

studies in the functional perspective, rather than simply metallurgy per se. The 

development of such hardware will be explained in Chapter 5.  
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4.1.3 Section compendium 

1. The portable prototype rig was found difficult to work with. Complicated process 

setup process as well as hardware failures caused a severe penalty to the timeframe of 

the studies. Limited welds on plate managed to be produced under unreliable 

conditions which were unlikely to be replicated. Further enhancement in terms of 

replacement components and structure redesigned were required, that resulted in the 

decision of the welding platform being transitioned from the rig to a milling machine 

and then on to CNC milling machines. Through the assessment, rigidity is found to 

be an important parameter to be controlled in the BFSW process [129].  In addition, 

chain load measurement was inappropriate to represent welding forces because it was 

found that the transverse load is higher which caused the misguided welding cart. The 

longitudinal force which was assumed by the chain load measurement is only suitable 

for the setup procedure and general diagnostics of the process.  

 

2. A milling machine was selected to be the welding platform which is known to have 

better structure and ease of use. However, the conventional manual milling machine 

has its disadvantages which suggest that the CNC milling machine is better to use. 

Still, there is variability between CNC milling machines that can alter the weld 

quality. The manner of this machine variability needs to be identified for better 

process control.   

 

3. Travel load, current, travel speed and feed rate were monitored by portable rig. 

Although the travel speed and the feed rate can be assumed to be constant for the 

CNC milling machine due to the presence of the closed loop mechanism, but the 

force measurement and energy consumption were not available. There is a 

requirement for the development of instrumentation and a data acquisition system in 

order for the investigation to be focussed on the functional perspective to identify the 

parameters producing high quality welds. 
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4.2 THE DATA ACQUISITION DEVELOPMENT 

4.2.1 The force platform  

To take the research forward, instrumentation and data acquisition (DAQ) for recording 

process response was required. This is because, process parameter such as travel speed, 

tool rotation and tool features correspond to the magnitudes of the generated signals, i.e. 

mechanical force [130, 131]. This was essential in assisting with the reasoning involving 

the performance of the welding process.  

Mechanical forces are commonly measured using a dynamometer or force plate/platform. 

Kristler is one of the well-known leading manufacturer in producing this product. 

However the cost of these devices was grossly disproportionate to the funding available, 

so a comparable two axis (X and Y) force platform was built. Low cost S-type load cells 

with the capacity of 1000kg were used [132]. Four units of this load cell were located per 

axis, therefore, creating a force platform with a maximum capacity of 4000kg.  

The built force platform is shown in Figure 4. 4. The alloy steel force platform can be 

categorised into three main components that are: (i) Base (ii) Load cell package and (iii) 

Top platform. 

 

Figure 4. 4: The force data acquisition. (a) Force platform (b) Exploded view. 
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i. Base: It has four pockets to position the load cell package in place. At the bottom, 

T-slots were located for positioning purposes on the milling table.  

ii. Top platform: It was designed as a fixation to secure the material to be welded by 

using screws and washers through the threaded hole on its surface. The platform 

has embedded bearings, refer to Figure 4. 4 (b). The bearings were connected 

with the load cell package by a high tensile hex screw. The purpose is to reduce 

frictional effects besides splitting the acted forces. This led to improved 

measurement accuracy. 

iii. Load cell package: There were four load cell packages, one located at each corner 

of the force platform. Each package contains two load cells orthogonal to each 

other for the purpose of creating two axis sensors. Having four sensor packages 

allows the capability of detecting force directions and accurate measurement 

which was a notion that was adopted from the Kristler force plate [133]. For the 

s-load cell to be set in the perpendicular direction to each other, three load cell 

holders were required. The load cell was attached on one side with the opposite 

side free to be displaced. 

Figure 4. 5 illustrates the exploded view of the load cell package. The current load cell 

package was a modification of the earlier version. The block diagram of the load cell 

connection is depicted in Figure 4. 6. The earlier design has a holder (H2) that holds the 

top platform firmly as the result that the holder back to the base. Therefore, higher force 

was necessary in order to generate signals by the load cells. On the other hand, the force 

platform was found responsive when force was applied at an angle. An improvement was 

then made by adding additional load cell holder located between the top platform and the 

second load cell.  
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Figure 4. 5: Exploded view of the load cell package. (a) Earlier version. (b) Current version. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 6: Load Cell Sandwich Block Diagram. (a) Earlier version. (b) Current version. 
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4.2.2 The data acquisition interface 

The load cells (force platform) were connected to the National Instruments (NI) data 

acquisition (DAQ) platform. This equipment consists of a NI compact chassis and 

modules. The user interface was developed using the LABVIEW 2012 platform on a 

desktop personal computer. The development of the interface was done with the help of 

the electrical technician from the University of Canterbury. The digital data was recorded 

in a time domain (δ (t)) at a frequency of 100Hz and stored in a text file. However, the 

force platform measurement needs to be rectified. This will be clarified later in this 

chapter. Welding data were then handled by the program developed using Matlab 

R2012b environment. 

The NI DAQ also processes other measurement sensors that are thermocouples, current 

clamp transducers and infrared tachometer. The thermocouples were used to measure the 

plate (substrate) temperature; the current transducer was for the motor energy 

requirement and the tachometer providing non-contact spindle motor rotation 

measurement. The components used are summarised in Figure 4. 7 and Table 4. 1 

illustrate the schematic of the instrumentation. Details information about the components 

can be found in http://nz.ni.com/. 

 

 

 

 

 

 

 

 

 

Figure 4. 7:  Schematic of the instrumentation. 

http://nz.ni.com/
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Table 4. 1: DAQ Components. 

 

A mathematical relationship is mandatory between the digital output produced by the 

force platform and the actual loads applied to the system. The reading correction is 

indispensable where appropriate to reduce the amount of error associated with the 

structure hence, a calibration procedure is necessary. Three types of force platform 

assessment were done that are deflection, load and torque calibration.  

4.2.3 Load calibration 

Figure 4. 8 (a) illustrates the two dimensional force platform with three selected 

positions; that are positions 1, 2 and 3. These locations were along the joint formation 

and an approximation of the three welding stages; that are entry, weld and exit. At each 

position, measurements were done at all axes (X /Y) and directions (+/-) hence there 

were 144 data points produced. Four manageable actual loads were employed in the 

range of 20kg to 110kg.   The load was loaded and unloaded at each position and 

repeated for three times. All channels were active and the signals were registered in order 

to establish the crosstalk or mechanical noise effects. This is because during the uni-axial 

load calibration, the perpendicular channels which are ideally at different axis registers as 

zero. However, due to the positioning response of the strain gauge artefacts to the 

induced voltages or loads, these channels displayed a certain amount of crosstalk (CT) 

reading [134]. 

 

No. Item Description/Specification Qty 

1 Load cell Force, S type tension/Compression, 1000kg. 8 

2 
Displacement encoder 

Rotation, Infrared tachometer, speed range 1 - 

999990 RPM. 1 

3 Thermocouples Wire type thermocouples (J/K). 14 

4 
Current clamp meter 

Current measurement, 5A input for feed and 20A for 

spindle motor. 2 

5 
Strain module (NI9237) 

Force measurement, 4 channels, resolution 24 bits, 

accuracy 0.0375 mV/V 2 

6 

Thermocouple module 

(N19213) 

Temperature, 16 Channels, resolution 24 bits, 

accuracy 38µV. 2 

7 
Analog input (NI9205) 

Current measurement, resolution 16 bits, accuracy 

6220µV. 1 

8 
Chassis (cDaq-9178) 

Holds modules and handle connectivity I/O, 8-slot 

USB chassis. 1 
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Figure 4. 8: Force platform calibration. (a) Load cell packages and calibrated position. (b) Force 

application. 

 

4.2.4 The load calculation steps 

About 26 000 bytes of digital signal were recorded at each channel. This data was 

averaged and then the total amount of force according to the axis (X and Y) was 

determined to produce the digital output signal (Sp,a,l), refer to Equation (Eq.) 4.1. The 

force platform unit is in Newton (N) but for direct comparison for calibration purpose, 

this unit was converted to kilogram (kg).  

Digital output signal, (Sp,a,l): 

𝑆𝑝,𝑎(+/−),𝑙 =  𝐹 1 +  𝐹 2 +  𝐹 3 +  𝐹 4                                                                              (𝐸𝑞. 4.1) 

Where 

p   is the calibration position; 

a(+/-)   is the axis and direction (positive or negative); 

1,2,3,…  is the load cell package; 

l               is the known load (kg); 

F              is the mean of the load cell  signal(Force at each channel according to axis). 
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The repeated measurements were then averaged and the correction factor (CFa,l) was 

defined  by dividing the known load (l) by the mean of the digital output signal, the Eq. 

4.2.  

𝐶𝐹𝑎(+/−),𝑙 =
𝑙

(𝑆𝑝,𝑎,𝑙)𝑖

𝑛

                                                                                                              (Eq. 4.2)      

Where 

i is the ith measurement; 

n is the number of repetition. 

                                                                                                       

Then, the position correction factor (PCF) for each position was determined based on the 

mean value of the highest and the lowest CF, refer Eq. 4.3.  This average is near to the 

best factor for the positions [135].  

𝑃𝐶𝐹𝑝,𝑎(+/−) =
max (𝐶𝐹) + min (𝐶𝐹)

2
                                                                             (𝐸𝑞. 4.3) 

The force platform correction factor (FPCF) was then obtained from the mean PCF 

values, using Eq. 4.4. Similar formulae to Eq.4.1 - 4.5 were used for the crosstalk (CT). 

These values were then multiplied with the digital output signal (S) to obtain the 

calibrated measured force (MF), Eq. 4.5.  

𝐹𝑃𝐶𝐹𝑎(+/−) =
𝑃𝐶𝐹

𝑛𝑝
                                                                                                                (Eq. 4.4)      

Where 

The 𝑛𝑝 is the number of calibration position, per axis; 

 

Table 4. 2 indicates the values of the FPCF. The values show that the Y axis has a high 

correction factor compared to the X axis. It is also found that direction is not significant 

to the changes of the correction factor. This leads to the decision that axis calibration is 

important for the force platform regardless of its direction.  

However, the crosstalk correction factors are sensitive to the axis and direction. 

Nevertheless, these numbers were small. Hence, the correction factor can be based on 

axis similar to the FPCF. This is because, when the crosstalk digital signal is multiplied 

by the correction factor, the result will be ‘zero’ or near zero.  
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Table 4. 2: The correction factor of the force platform. 

 

 

 

 

The mean of the CF for the FPCF at each axis is 0.9265 and 1.0965 for X and Y 

respectively. While for the crosstalk, the CF at X axis is 0.0085 and for Y axis is 0.0765. 

These numbers were then multiplied with the digital signals to obtain the calibrated 

digital signal or calibrated measured force (MF), as shown in Eq. 4.5. 

𝑀𝐹 = 𝐹𝑃𝐶𝐹𝑎 . 𝑆                                                                                                                   (𝐸𝑞. 4.5) 

To provide the general relationship between calibrated data and the applied loads for the 

two axis force platform at regardless position and direction, an applied load vs calibrated 

data graph was plotted for each axis, X and Y. The data for the plotting was the mean of 

mean values of X and Y axis of the repeated measurements. Figure 4. 9 shows the graphs 

with the third order polynomial equations, refer Eq. 4.6 and 4.7. In these formulae ‘x’ 

represents the digital value that corresponds to the physical quantity f(x), in kilogram 

(kg). This order was used for providing improved accuracy over the second order 

equation as stated in the ASTM standard [136, 137].  

𝐹𝑥(𝑘𝑔) =  −5𝑒−6𝑥3 + 0.0011𝑥2 + 0.9394𝑥 + 0.6894                                            (𝐸𝑞. 4.6) 

𝐹𝑦(𝑘𝑔) = 3𝑒−6𝑥3 − 0.0004𝑥2 + 1.0277𝑥 − 0.6119                                                (𝐸𝑞. 4.7) 

 

 

 

 

 

 

Axis 

(direction) 

FPCF 

 

CT 

Y(+) 1.097 0.064 

Y(-) 1.096 0.089 

X(+) 0.929 0.013 

X(-) 0.924 0.004 
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(a) X axis force platform relationship. 

 

 

 

 

 

 

 

 

(b) Y axis force platform relationship. 

Figure 4. 9: The force calibration curved of the two axis force platform. (a) X axis; (b) Y axis. 

 

In order to verify these equations, the percentage of errors (%E) were then determined 

using Eq. 4.8. Figure 4. 10 shows mean of mean errors and the standard deviation (error 

bar) of each position after calibration. Samples of the calibration can be found in 

Appendix A4. 

Measured force error (%E): 

%𝐸 =
𝑀𝐹 − 𝑙

𝑙
. 100                                                                                                             (𝐸𝑞. 4.8) 
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(a) Mean errors of position 1. 

 

 

 

 

 

 

 

(b) Mean errors of position 2. 

 

 

 

 

 

 

(c) Mean errors of position 3. 

Figure 4. 10: Force platform errors. (a) Position 1; (b) Position2; (c) Position 3. 
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There are two main findings that are found from the calibration exercise. These are as 

follows: 

i. It was found that position 1 and 3 had comparable error characteristics. These 

positions produced a high mean of mean errors that were within +1.5%. On the other 

hand, position 2 shows a minimum average error in measurements, but scattered. This 

means that the measurements of this position were inconsistent.  The reason is 

because of position 2 was placed at the middle of the force platform. Hence, it can be 

easily affected by the imperfection of the build and the assembly tolerances achieved. 

Besides that, this is believed related to the height, whereby the Y load cell is located 

above the X axis load cell, hence, less rigid support. It is also believed the floating 

mechanism introduced can affect the measurement. Therefore, distribution of forces 

towards load cells can be upset causing inconsistent measurement. 

 

ii. In terms of axis error, both axes of the force platform produce a comparable error. 

However, the Y axis has a slightly higher error than the X axis. The reason is 

believed similarly as explained in the above point.  

Nevertheless, the development of the platform was successful. The calibration had shown 

that the errors produced by the built dynamometer were overall small. The overall 

accuracy (mean of X and Y that include direction and position) of the force platform is as 

follows: 

X: -0.02%. 

Y: + 0.41%. 

4.2.5 Deflection measurement 

A force that is applied to a structure causes a degree of displacement. In this case, a high 

degree of deflection on a force platform is not preferred because it can influence the 

correctness of the measured value as well as affecting rigidity and vibration that should 

be avoided for accurate results and to produce quality welds.  

According to the manufacturer, the load cell that was used as a force transducer in the 

built platform has a deflection of 0.19 mm at full load of 1000 kg. However, this 



CHAPTER 4: HARDWARE DEVELOPMENT AND IMPLEMENTATION 

89 

 

information cannot be utilised as a basis to the total deflection of the force platform. The 

reason is because the platform is composed of a combination of other components such 

as bearings and screws. Hence, there is a requirement to measure the total deflection of 

the hardware. 

The force platform was bolted to a secure table and a load was applied to the rested force 

platform. The dial indicator was in line with the applied load at the top platform. Any 

movement of the top platform in response to the applied load will show on the indicator, 

see Figure 4. 8 (b). Similar loads and locations as in the calibration of the load cell were 

used. At each position and direction, the load was loaded and unloaded for three times. 

The results shown repeatable measurements were produced at each location. These 

measurements were then averaged and the mean of the deflection against the applied load 

graph was plotted, see Figure 4. 11. The graphs show a general trend of deflection 

increment at the higher load as expected. There are two main characteristics of the graph 

plots. These are as follows: 

i. Higher line gradient (less stiffness) was observed for position 1 and position 3 

compared to position 2. The reason is because position 2 was located at the 

middle of the platform. At this position, the mass of materials was equal in 

amount for any direction. The force produced by the load was distributed to wider 

areas hence less loading on a single restraint component.  

 

ii. For each graph it can be clearly seen that the X direction produced higher 

deflection compared to Y axis. This is expected. The reason is because of the 

rectangular shape of the force platform. Therefore Y axis was at the longest width 

direction. This provides high stiffness for better resistance towards displacement. 

It was found that the force platform deflections of about 0.5 mm at approximately  110kg 

for both X and Y axes were higher than the manufacturer’s specification for a single load 

cell (0.019 mm) this load. However, the deflection produced can be categorised as small 

for the intended purpose. The reason is, the forecast of 200kg of load will produce about 

0.8 mm of deflection at position 1 and 3 respectively, which are entry and exit regions. 

The deflection at the welding stage which is position 2 is only about 0.6 mm. These 
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calculations were done using linear equations of the deflection and load relationship. 

Force of 200kg or about 1961 N are higher than the highest peak produced on entry or 

exit stage of thin plate aluminium in BFSW process. Further details about the deflection 

can be found in Appendix A4.2.   

 

 

 

 

 

 

 

 

(a) Deflection at position 1. 

 

 

 

 

 

 

 

 

 

(b) Deflection position 2. 
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(c) Deflection at position 3. 

Figure 4. 11:Deflection curve. (a) Position 1; (b) Position 2; (c) Position 3. 

 

4.2.6 Torque measurement 

A pure moment approach was adopted for torque calibration. This was achieved by 

applying two parallel forces equal in weight, but at a different direction. The torque point 

can then be located in the middle between these two forces. This was the position 2 in 

load cell calibration and deflection measurement. The chosen location is the approximate 

location of the weld stage whereby stable welding force should be expected. Figure 4. 12, 

illustrate the direction of the applied loads. Four known weights between 40 kg -112 kg 

were used to generate the moment. The measurements were repeated three times. 
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Figure 4. 12: Top view schematic of the force platform illustrating the force positions for torque 

calibration. 

 

4.2.7 The torque calculation steps 

Based on the applied load, the actual torque (AM) can be calculated using the theoretical 

formula as shown in Eq. 4.9. The theoretical formula was multiplied by two is because of 

the equal load that being applied at different directions.  

𝐴𝑀 = 2. [𝑙𝑒𝑛𝑔𝑡ℎ (𝑙) .  𝑓𝑜𝑟𝑐𝑒 (𝑓)]                                                                                   (𝐸𝑞. 4.9) 

To calculate the torque (M) on a force platform, formulae as in Eq. 4.10 can be applied.  

𝑀𝑧 = [𝑎. (𝐹𝑦3 +  𝐹𝑦4 − 𝐹𝑦1+𝑦2) + 𝑏. (𝐹𝑥3 +  𝐹𝑥1 − 𝐹𝑥4 +  𝐹𝑥2)]                       (𝐸𝑞 4.10) 

Where 

a   is the distance sensor axis from the y-axis; 

b   is the distance sensor axis from the x-axis; 

F  is the couple forces based on the summation of the digital signal according to the axis; 

y/x  is the axis, y or x; 

1,2,3…               is the load cell package;  

Tq2 

Tq1 
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For the torque calibration, similar concept of calculation was used like the load 

calibration. The steps were to identify the force platform torque correction factor and 

apply this to the digital torque calculation for calibration. Table 4. 3 displays the mean of 

the torque correction factor. By averaging (Tq2 and Tq1) for each axis, the X and Y axis 

has an average of 1.293 and 1.023 respectively. The correction factor for the X axis is 

higher than the Y axis, hence, it is suggested that for maintaining torque accuracy 

measurement of the force platform, torque correction factor based on axis is required. 

This finding was similar to the load calibration.   

Table 4. 3: Torque correction factor. For the location and direction of the calibration, refer Figure 4. 12.  

 

 

 

The general relationship between calibrated torque and the applied torque for the 2 axis 

force platform regardless of load angle was obtained by plotting applied torque versus 

calibrated torque as shown in Figure 4. 13. Mean data that obtained from the repeated 

measurement were used for the plot. Eq. 4.11 and 4.12 shows the third order polynomial 

equations for these relationships. In these formulae ‘x’ represents the digital value that 

corresponds to the physical quantity f(x), in Newton meter (Nm). 

 

 

 

 

 

 

 

 

Right Angle (Tq2) Diagonal (Tq1) 

X Y X  Y 

1.270 1.014 1.315 1.032 



CHAPTER 4: HARDWARE DEVELOPMENT AND IMPLEMENTATION 

94 

 

 

 

 

 

 

 

 

(a) Torque X axis force platform relationship. 

 

 

 

 

 

 

 

 

(b) Torque Y axis force platform relationship. 

 

Figure 4. 13: The torque calibration curved of the 2 axis force platform. 

 

𝜏𝑥 =  −3−6𝑥3 + 0.0012𝑥2 + 0.8473𝑥 + 6.2472                                                     (𝐸𝑞. 4.11) 

𝜏𝑦 = 2𝑒−6𝑥3 − 0.0016𝑥2 + 1.5524𝑥 − 54.309                                                       (𝐸𝑞. 4.12) 

These equations were then verified and the percentage errors were calculated using 

previous Eq.4.8. Figure 4. 14 shows the mean errors of the torque and standard deviation 

(error bar). Forces that applied in the Y direction for generating torque had higher error 
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compared to the X direction. The reason is because of the Y axis load cells can be 

affected by the floating mechanism due load cell holder connection.  The location of this 

load cell also is higher than the X axis load which has been explained earlier. Hence, the 

accuracy of the measured force is affected. However, the built platform had shown good 

agreement between the applied and measured torque with the mean error at + 3%. The 

details of the calculation can be found in Appendix A4.3. 

 

 

 

 

 

 

 

 

 

Figure 4. 14: Mean Torque errors. 

 

4.2.8 Signal processing workflow  

Figure 4. 15 demonstrates the signal processing flow of the force platform. Matlab 

software was used to handle the calibration. A program was written which took the raw 

digital signals and applied the correction factor. The corrected forces were then inserted 

into the equation to obtain the calibrated readings. From here, the analysis can be done 

based on time dependent or approximate location. For the location, the time base was 

converted by referring to the travel speed of the welding in mm/min. In the case of torque 

measurement, a similar approached was used, but using the torque correction factor and 

its equation. Forces and torques information can then be extracted such as frequency 

responses, data trends (characteristics) and statistics.  
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Figure 4. 15: Digital signal processing steps. 

 

4.2.9 Section compendium 

A successful calibration has been carried out on the developed force platform. Correction 

factors and their relationship have been identified. Below is a summary of the findings.  

1. The force platform has been defined to have a mean load error of +1.5%. Position 2 

has the highest standard deviation which means that the measurements were more 

scattered compared to other positions.  The accuracy of the load measurement is 

identified as axis dependent. Higher error was generated at Y axis compared to the X 

axis.  

 

2. In terms of deflection, the force platform has small deflection over the applied load. 

Although an increment of the error gradient with the load, but for a 200kg of load, a 

forecast of 0.8 mm deflection should be expected at position 1 and 3. For position 2, 

this deflection is much smaller, which is 0.6 mm. The 200kg is assumed to be high 
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enough to represent the entry and exit stage of the welding process which is expected 

to be lower in the welding stage for thin plate aluminium.  

 

3. Overall mean error or + 3% should be expected for the torque measurement. The 

calibration was done only at position 2 with varied angles, axes and directions. The 

torque was found to axis dependent whereby when the load was applied at the Y axis 

higher error will be expected.  

4.3 BOBBIN TOOL FABRICATION 

In this section, the approached taken to fabricate a bobbin tool is explained. This is one 

of the important hardware development because FSW tools are known to be expensive 

[14]. One of the reasons is the complex tool surface features that need to be fabricated on 

the tool, and the limited space to achieve this. Based on background literature, tool 

features are important for the success of friction stir welding. This is because features 

such as a thread on the pin and grooves on the shoulder are important for heat generation 

as well as material mixing [3, 39, 138].  

Based on tool design literatures as in Chapter 2, and anticipating our own work 

conducting tests (described later), some general inferences may be drawn for how tool 

features affect weld quality.  

CFSW tool features: 

i. A cylindrical shape pin profile needs to be threaded. This is for assisting material 

motion from top to bottom surface of the welds. 

ii. The application of threaded pins was found to be successful with a pitch size of 

between 0.8 mm and 1.0 mm or 10% of the pin diameter. 

iii. Flutes and flat faced features influence plastic flows which help with mixing the 

weld material.  

iv. A tapered pin feature should only be introduced if the tool design is able to 

produce a good stirring effect. 
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v. The square pin profile is able to produce a good stirring effect but by introducing 

a taper, there will be a reduction of material motion which in turn contributes to 

defects in the weld. An increase in the number of sides (flat faces) such as 

hexagon and octagon pin features, provide little difference to that of the square 

pin tool. 

vi. The diameter of the pin should be similar to the thickness of the plate to be weld.  

vii. A concave and a scroll feature on a tool shoulder produced rough weld surface. 

viii. A convex feature on the shoulder is suitable for welding thin sheet material. For 

thicker material a scrolled feature needs to be applied. 

ix. A fillet or chamfer on the tool is able to reduce the amount of flash. 

Meanwhile, for the BFSW tooling, the tool design is as below:- 

i. A cylindrical pin with thread feature can produced a clear macrostructure 

boundary and higher bends strength. Alternatively, three flats can be used.  

ii. A Tapered tool pin with three flats enables a diameter reduction in the lower 

shoulder which then also contributes to low torque. 

iii. For tackling high flatness variation, convex and scroll shoulder features may be 

suggested.  

To produce these features for a single sided tool as in CFSW it is not difficult as there is 

sufficient working space for the cutting tool to access the area. This is not the case for 

bobbin tools for the BFSW process. The reason is because of two spaced apart shoulders 

and a pin extending between the tool shoulders limiting the access area. While simple 

bobbin tools may be machined out of a single piece of material, the machining is difficult 

when dealing with complex features which require specialist tools. Therefore, bobbin 

tools are most commonly constructed from several components that are attached using 

thread and locking nuts [122, 139].  

Because of the diversity of the fabrication approaches found, there is a need to develop a 

simple tool (featureless) which can then be diversified so that the role of an individual 
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feature can be clarified. Therefore, features that have been selected for the fabrication in 

this study are presented in Figure 4. 16.  

In total, there are four phases of tool fabrication. The studies were initiated from using a 

set of tools which came together with the prototype rig (Phase 1). As the investigation 

progressed, different fabrication methods have been used to advance the intended 

findings. This, however, depends heavily on cost and the timeframe available. 

 

 

 

 

 

 

 

 

 

Figure 4. 16: Summarisation of tool features that adopted in this work. 

 

4.3.1 Phase 1: Bobbin tool provided with the prototype machine 

Table 4. 4 summarises the bobbin tools that were provided with the rig. Tools TB1 to 

TB6 are the changeable pin that was constructed from several components, see Figure 4. 

17 (a) and Figure 4. 17 (c). The tools share a similar shoulder that has the features of a 

tapered spiral scroll shoulder. These features were built for both shoulders (top and 

bottom) and the diameter of the shoulders was approximately 20 mm. TB7 is a smaller 

version of the tool compared to the others. It has a shoulder diameter of 18 mm and was 

constructed from two main components that are top shoulder and bottom shoulder, which 
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were built with a pin, refer to Figure 4. 17 (b). All tools were made from tool steel-H13 

material.  

Table 4. 4: Bobbin tool provided by INCAT. 

Tool  Identification Feature 

Tool 1 TB01 Pin: Cylindrical threaded with 3 flats pin. 

    Major diameter: 7 mm. 

    Pitch length: 1.5 mm. 

Tool 2 TB02 Pin: Cylindrical threaded pin. 

    Major diameter: 8 mm. 

    Pitch length: 1.5 mm. 

Tool 3 TB03 Pin: Cylindrical with groves. 

    Major diameter: 8 mm. 

    Pitch length: 1.5 mm. 

Tool 4 TB04 Pin: Cylindrical with groves (flat crest). 

    Major diameter: 8 mm. 

    Pitch length: 1.5 mm. 

Tool 5 TB05 Pin: Cylindrical left hand and right hand threaded. 

    Major diameter: 8 mm. 

    Pitch length: 1.5 mm. 

Tool 6 TB06 Pin: Cylindrical 4 flats pin (square pin). 

    Major diameter: 8 mm. 

Tool 7 TB07 Pin: Cylindrical threaded with 3 flats pin. 

    Major diameter: 6 mm. 

    Pitch length: 1 mm. 

    Shoulder: Tapered spiral scroll shoulder. 

 

The investigations using these tools were categorised as Phase 1. At this stage, the focus 

was on identifying set of ‘good’ tool features that were able to produce acceptable weld 

formation.  

During the investigation, setting up the tools was found to be inefficient. There were 

screws, nuts and slip gauges that involved awkward handling in order to tighten up the 

components as well as setting up the shoulder gap. It was a slow process and failure to 

properly restrain and set up the components can cause the shoulder to be inadvertently in 

the incorrect position. High interference between the substrate and the tool as the result 

of closer shoulders causes high force and torque which can cause a broken tool. This 

interference also resulted in a large formation of flash that can be observed.  If tool 

shoulders separate slightly during operation, which is a real possibility, then a low 

temperature will be expected, that affects the plasticity process and material flow. Hence, 

void and open tunnel defects are produced. In addition, substrate that was located in 
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between shoulders was pushed out through the open gap. Improper tool setup can cause 

variation in shoulder gap. In some cases, material can be easily accumulated (stick) in the 

shoulder gap, which causes a wider shoulder gap than intended [121]. Nonetheless 

despite such difficulties it was possible to extract some findings about the working 

features [21]. 

 

 

 

 

 

 

 

Figure 4. 17: The tools that were provided with the prototype BFSW rig [21].  (a) Changeable pin; TB01-

TB06. (b) TB07. (c) Changeble pin (TB01-TB06) before being assemble. 

 

4.3.2 Phase 2: Single piece tool 

It was experienced that during phase 1 studies, tool gap dimension was uncontrollable. 

Tools tend to behave poorly under load, have a tendency to disassemble and were not 

good at withstanding axial loads imposed by the welding process. This adjustable tool 

design results in such variability of outcomes that it is impossible to conduct reliable 

research studies. It was therefore necessary to reconsider the whole tool design. The first 

step was to fabricate single piece tools. The objective was to study shoulder gap effect as 

well as simple pin features, namely cylinder and cylinder with flats. The summary of the 

tool feature can be found in Table 4. 5. Figure 4. 18 shows a sample of one of the many 

fabricated tools. The drawings can be found in Appendix A5.  

 

 

(a) (b) (c) 
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Figure 4. 18: Single piece tool.  

 

Tool dimensions selection was based on CFSW background studies except that the pin 

dimension that was not similar to the plate thickness. The reasons are as follows: 

i. It is believed that some failures in Phase 1 were related to high temperature due to a 

wider tool which was not in accordance with the findings as in the CFSW literature 

[49]. This has been stated in Chapter 2. Therefore, tool dimension was smaller in 

phase 2. The required heat will be able to be supplied by the double action shoulder. 

Additionally, small tool will resulted small welded area which was preferred for 

maintaining the parent material properties. Therefore, a bigger tool dimension is not 

essential.  

 

ii. The pin diameter was produced slightly bigger than suggested in the CFSW literature 

for the purpose of strength. A tool threaded pin with 1 mm pitch will reduce of the 

load bearing pin dimension. This will greatly lower the tool strength. Therefore, 

increasing the dimension of the major diameter of the pin will indirectly increase the 

minor diameter that helps improving the tool strength.  

 

These tools were designed with flat shoulder and concave edges, see illustration in Figure 

4. 19 . The selection of flat shoulders rather than tapered shoulders was for the purpose of 

ease of fabrication. Additionally, by assuming the materials to be welded have good 

flatness control, the contact between the flat surface and the substrate will be consistent, 

hence, the heat generated can be accurately determined.  

The concave edge feature was for accommodating material that has been compressed by 

the interference introduced by the distances of the shoulders. At 0% (4 mm gap) 

interference for a 12 mm shoulder diameter and 6 mm pin diameter, the 4 mm thick 

material to be welded located between shoulders will be 339.29 mm
3
. In the similar case, 
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but at the 8.75% (3.65 mm gap) interference, only 309.60 mm
3
 of the materials can be 

accommodated at this location. The balance of 29.69 mm
3
 should be able to be contained 

by the concave feature. This is because the concave edge is able to hold approximately 

252.88 mm
3
 of material (calculation was done in software package Solidworks while 

designing the tool).  

Table 4. 5: Single piece tool –H13(harden). 

Tool  Identification Feature  

Tool 8  SPB1 Pin: Cylindrical  pin. 

    Major diameter: 6 mm. 

    Shoulder: Flat and concave edges. 

    Shoulder gap: 4 mm. 

Tool 9 SPB2 Pin: Cylindrical  pin. 

    Major diameter: 6 mm. 

    Shoulder: Flat and concave edges. 

    Shoulder gap: 3.85 mm. 

Tool 10 SPB3 Pin: Cylindrical  pin. 

    Major diameter: 6 mm. 

    Shoulder: Flat and concave edges. 

    Shoulder gap: 3.65 mm. 

Tool 11 SPB4 Pin: Cylindrical  pin with 3 flats. 

    Major diameter: 6 mm. 

    Shoulder: Flat and concave edges. 

    Shoulder gap: 3.85 mm. 

 

 

 

 

 

 

 

 

 

Figure 4. 19: Shoulder. (a) 3D model section view. (b) Actual tool fabricated. 

 

(a)                                                       (b) 
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However, tool fabrication on small features is difficult and it is not reliably to create the 

geometry stated on the drawing although with the help of skill machinist. The production 

of the tool with specific geometry is a challenging task. As illustrated in Figure 4. 19 (a), 

the flat shoulder feature was supposed to be higher than the concave outer edge. But the 

actual fabricated tool (see Figure 4. 19 (b)) has the opposite result whereby the sharp 

concave edges were higher than the flats. This is not preferred because sharp edges 

contribute to a great amount of flash formation [45]. Nevertheless, the objective to 

investigate shoulder gap effect was successful which can be noted in [123]. 

4.3.3 Phase 3: Press fit tool  

The challenges in tool setup and the variability of shoulder gap were eliminated through 

a single piece tool approached in phase 2. Although rinds of flash and unacceptable weld 

formation were produced at that phase, this is believed to be because of other factors 

such as tool features and welding parameters. In order to improve tool feature fabrication, 

adding extra features to the bobbin tool is essential, but it is too difficult and expensive to 

produce certain features of the desired geometry.  

Therefore, a heavy press fit method for bobbin tool assembly with an interference fit is 

suggested. The advantages of producing bobbin tools using this method are; low cost and 

fast time of tool production, easy to create tool features on the pin, the tool will be able to 

have control on key dimensions, i.e. shoulder gap, and the tool will have good stiffness 

similar to the single piece tool. Figure 4. 20 shows the press fit tool and Table 4. 6 

summarises the fabricated features. Detail drawing of the tool can be found in Appendix 

A5. 

By axially forcing components together, high compression force will be required. The 

required force (Fassemb) to press tool components can be estimated using the given Eq. 

4.13. A similar equation is also used for the permissible axial force (Fallow) calculation. 

For torque (Tmax) magnitude before slip, this can be determined by using Eq. 4.14. The 

Tmax and Fallow are calculated using the tolerance of least material condition (LMC) and 

maximum material condition (MMC) is applied for determining Fassemb. The type of 

tolerance is applied at the stage when calculating the interface pressure (Q), Eq. 4.15. 
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(a) (b) 

 

 

 

 

 

Figure 4. 20: (a) Components of a bobbin tool during fabrication. (b) A press fit tool. 

 

Table 4. 6: Press fit tool- H13(harden) 

Tool  Identification Feature  

Tool 12  PFB1 Pin: Cylindrical threaded with 3 flats. 

    Major diameter: 6 mm. 

    Pitch length: 1 mm. 

    Shoulder: Flat and a concave edge. 

    Shoulder gap: 3.85 mm 

 

F =  𝜇𝜋2𝑅2𝐿. 𝑄                                                                                                                  (𝐸𝑞. 4.13) 

𝑇𝑚𝑎𝑥 = 2𝜇𝜋𝑅2
2𝐿. 𝑄𝑚𝑖𝑛                                                                                                      (𝐸𝑞. 4.14) 

𝑄 =  
𝛿

𝐷
×

1

[
𝑅3
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2

𝐸𝑜(𝑅3
2 − 𝑅2

2)
+

𝑅2
2 + 𝑅1

2

𝐸𝑖(𝑅2
2 − 𝑅1

2)
−

𝑣𝑖

𝐸𝑖
+

𝑣𝑜

𝐸𝑜
]

                                                (𝐸𝑞. 4.15) 

 

For a thermal assisted assembly, to calculate the required force for assembly (FallowΔT) the 

radial strain (UΔT) due to heating need to be calculated as shown in Eq. 4.16. Then the 

heated interface pressure (QΔT) is calculated using Eq.4.17. This information then can be 

used in Eq.6.1 for the assembly in the thermal assisted condition.  

𝑈 = 𝛼. (1 + 𝑣). ∆𝑇. 𝑟                                                                                                         (𝐸𝑞. 4.16) 

 

𝑄∆𝑇 = 𝑄𝑚𝑎𝑥 × [(𝑀𝑀𝐶 − 𝑈(𝑟)) ÷ 𝑀𝑀𝐶]                                                                  (𝐸𝑞. 4.17) 

 

Where: 

𝛿 = 𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 𝑎𝑙𝑙𝑜𝑤𝑎𝑛𝑐𝑒. 𝑇ℎ𝑖𝑠 𝑐𝑎𝑛 𝑏𝑒 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑓𝑖𝑡𝑠.  
𝑅1 = 𝑖𝑛𝑛𝑒𝑟 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑠ℎ𝑎𝑓𝑡 (𝑧𝑒𝑟𝑜 𝑓𝑜𝑟 𝑠𝑜𝑙𝑖𝑑 𝑠ℎ𝑎𝑓𝑡).   



CHAPTER 4: HARDWARE DEVELOPMENT AND IMPLEMENTATION 

106 

 

𝑅2 =  𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑟𝑎𝑑𝑖𝑢𝑠 (𝑜𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝐷), 𝑒𝑔 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑠ℎ𝑎𝑓𝑡 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟. 
𝑅3 = 𝑜𝑢𝑡𝑒𝑟 𝑟𝑎𝑑𝑖𝑢𝑠, 𝑒𝑔 𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟 𝑟𝑎𝑑𝑖𝑢𝑠.  
𝐷 = 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑓 𝑡𝑜𝑜𝑙. 
𝑣 = 𝑝𝑜𝑖𝑠𝑠𝑜𝑛′𝑟𝑎𝑡𝑖𝑜 𝑓𝑜𝑟 𝑠ℎ𝑎𝑓𝑡 (𝑖𝑛𝑛𝑒𝑟, 𝑖)𝑎𝑛𝑑 𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟 (𝑜𝑢𝑡𝑒𝑟, 𝑂).  
𝐸 = 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 𝑓𝑜𝑟 𝑠ℎ𝑎𝑓𝑡 (𝑖𝑛𝑛𝑒𝑟, 𝑖)𝑎𝑛𝑑 𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟 (𝑜𝑢𝑡𝑒𝑟, 𝑂).  
𝜇 = 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛.   
𝐿 = 𝑎𝑥𝑖𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

𝑄 = 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 . 
𝐸   = 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦.  
𝛼   = 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛. 
∆𝑇 = 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑠𝑡𝑟𝑒𝑠𝑠 𝑓𝑟𝑒𝑒 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛). 
𝑣    = 𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑟𝑎𝑡𝑖𝑜. 
𝑟     = 𝑟𝑎𝑑𝑖𝑢𝑠(𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒). 
 

The pressing is favourable for a heated press fit of bobbin components. This is because 

heavy fits will require high force at room temperature, but when one of the components 

was heated the press force can be greatly reduced.  For heavy press fit, it is common to 

heat the outer part and possibly also cooling the pin (shaft).  

For the tool that is shown in Figure 4. 20, the calculated Fallow and Tmax of the bottom 

shoulder press fit were to be approximate at 23.37 kN and 117 Nm respectively. This is 

slightly above the requirement for welding thin plate material [140] and has been proven 

functional. This value will be greater for the top shoulder because there is more friction 

contact due to a longer shoulder wall. Additionally, the concave shoulder issue that was 

faced in the single piece tool was not present during the fabrication. This explained that 

with better room for cutting tool path, tool as designed can be accurately fabricated. 

Unfortunately, the tool had broken when trying to repeat the parameters used by [121].  

4.3.4 Phase 4: Tool assembly 

Broken tool (pin location) was not preferred as it adds time and cost. A wider pin 

diameter was selected which is similar to the approach used in [121, 122]. However, the 

press fit method was not adopted in this case. The reason was, although it is an 

innovative way to produce a bobbin tool and the tool size was small, larger tools are 

more suited to interference fits such as those provided by thermal shrink fits than smaller 

tools.  This is because larger tools are less awkward to hold for press fits and applying 

thermal assistance.  The larger components don't dissipate heat or lose cooling as rapidly 

as small components, allowing more effective thermally assisted fits.  In addition, larger 

diameter weld pins are also less likely to buckle under the forces required to assemble an 

interference fit.   Further, the torque that can be carried by components attached by way 
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of interference fit scales as the square of the radius of the interfacial geometry.  So for a 

tool of half the size, the torque that can be carried is reduced to a quarter.  A small 

manufacturing discrepancy on the diameter of the weld pin can cause a significant 

reduction in the torque carrying capacity. Therefore, while thermal interference fits are 

attainable for small pins, a 'tight fit' assembly with the additional lock pin to transmit 

torsion loads is more practical.  

Figure 4. 21 shows the tight fit assembly tool and Table 4. 7 and Table 4. 8 summarise 

the tool features.  

 

 

 

 

 

 

Figure 4. 21:Assembly tool.  

 

The investigation using Phase 1 has given insight on the good features of a bobbin tool 

(this will be explained later in Chapter 5), and this is consistent with the tool used by 

Neumann, et al. [15] and by Liu, et al. [122]. Our own successful welding produced with 

tool TB6 leads to the need to produce more tools with different combinations of features. 

A further modification to our tool design was therefore undertaken, to further improve 

ease of manufacture.  

For this design the assembly tools consists of two main parts and two restraint 

components. The top shoulder was fabricated with a shank and the bottom shoulder was 

built integral with the pin. The required shoulder gap was measured and a grub screw 

was used to hold the set position. The hole for the second restraint was then built using 

drilling/spark eroded processes. The drawing for the tool can be found in Appendix 4. 

This design achieves a reduction in the number of components compared to the original 
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adjustable tool that is commonly used in the industry and which we used in Phase 1. The 

new tool design is makes it easy to manufacture small features, and also reduces the 

difficulties associated with assembly. Hence it provides good tight fit, and precision 

control of key dimensions such as gap.  

Two sets of multiple tools were built. Firstly, as in Table 4. 7, tools were built using high 

strength steel 4140. This is a convenient material as it is strong, and this obviates the 

need for hardening. Later, it was found that better weld properties will only be achieved 

at a higher feed rate, hence better tool strength is required. Therefore tools were then 

built using tool steel tool-H13 material which was hardened before welding, Table 4. 8. 

The 4140 has the tensile strength of 655MPa and a hardness of 368HV whereby the H13 

having 1650 MPa with a hardness range of 530HV – 585 HV (harden tool).   

 

Table 4. 7: Tight fit assembly tool -4140 steel. 

Tool  Identification Feature  

Tool 13 A2B1 Pin: Cylindrical threaded with 3 flats pin. 

    Major diameter: 8 mm. 

    Pitch length: 1.25 mm. 

    Shoulder: Spiral scroll shoulder at top shoulder only and tapered edge. 

Tool 14 A2B2 Pin: Cylindrical threaded with 3 flats pin. 

    Major diameter: 8 mm. 

    Pitch length: 1.25 mm. 

    Shoulder: Flat and tapered edge. 

Tool 15 A2B3 Pin: Cylindrical threaded pin with 3 flats. 

    Major diameter: 8 mm. 

    Pitch length: 0.75 mm. 

    Shoulder: Spiral scroll shoulder at top shoulder only and tapered edge. 

Tool 16 A2B4 Pin: Cylindrical threaded pin. 

    Major diameter: 8 mm. 

    Pitch length: 1.25 mm. 

    Shoulder: Flat and tapered edge. 

Tool 17 A2B5 Pin: Cylindrical pin. 

    Major diameter: 8 mm. 

    Shoulder: Flat and tapered edge. 

Tool 18  A2B6 Pin: Cylindrical pin with 3 flats. 

    Major diameter: 8 mm. 

    Shoulder: Flat and tapered edge. 

 

The tool that was built using this method has similar characteristics to a single tool, but 

with additional tool features. Therefore, better performance was achievable. On the other 
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hand, this method has its limitation in terms of fabricating pin features at the fillet height 

(neck area), the region between the pin and shoulder in the contact of the conventional 

manufacturing cutting process. The reason is due to the limited space for a cutting path 

resulted in an imperfect\featureless feature in this location. Therefore, it is suggested that 

three pieces of tool components are more applicable if this type of feature is required.  

 

Table 4. 8: Tight fit assembly tool-H13 (harden). 

Tool  Identification Feature  

Tool 19 A2B7 Pin: Cylindrical threaded with 3 flats pin. 

  *(1) Major diameter: 8 mm. 

    Pitch length: 1.25 mm. 

    Shoulder: Spiral scroll shoulder at top shoulder only and tapered edge.  

Tool 20 A2B8 Pin: Cylindrical threaded with 3 flats pin. 

  *(2) Major diameter: 8 mm. 

    Pitch length: 1 mm. 

    Shoulder: Spiral scroll shoulder at top shoulder only and tapered edge.  

Tool 21 A2B9 Pin: Cylindrical threaded pin with 3 flats. 

  *(3) Major diameter: 8 mm. 

    Pitch length: 0.75 mm. 

    Shoulder: Spiral scroll shoulder at top shoulder only and tapered edge.  

Tool 22 A2B10 Pin: Cylindrical pin. 

  *(4) Major diameter: 8 mm. 

    Shoulder: Spiral scroll shoulder at top shoulder only and tapered edge.  

Tool 23 A2B11 Pin: Cylindrical pin with 3 flats. 

  *(5) Major diameter: 8 mm. 

    Shoulder: Spiral scroll shoulder at top shoulder only and tapered edge.  

Tool 24 A2B12 Pin: Cylindrical threaded pin. 

  *(6) Major diameter: 8 mm. 

    Shoulder: Spiral scroll shoulder at top shoulder only and tapered edge.  

Tool 25 A2B13 Pin: Cylindrical threaded pin with 3 flats. 

  *(7) Major diameter: 8 mm. 

    Pitch length: 0.75 mm 

    Shoulder: Flat and tapered edge. 

Tool 26 A2B14 Pin: Cylindrical threaded pin with 3 flats. 

  *(8) Major diameter: 10 mm. 

    Pith length: 1 mm 

    Shoulder: Spiral scroll shoulder at top shoulder only and tapered edge.  

*Body marking 

4.3.5 Section compendium 

Different tools fabrications have been used throughout the investigation. Each method 

has their advantages and limitation which will be summarised as follows: 
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1. Bobbin tools are generally built with several components that are required to be 

assembled, commonly using mechanical fasteners.  This method is favoured by 

manufacturers and researchers because of the ease of fabricating tool features prior to 

assembly. However, this method of assembly is found to behave poorly under load, 

have a tendency to disassemble and not good at withstanding axial loads imposed by 

the welding process. This resulted in variable weld output and is likely to produce 

unacceptable welds if the assembly is not set up properly.  

 

2. A set of single piece tools with limited tool features were then fabricated to eliminate 

the drawback of the assembly tool. The objective was to investigate shoulder gap and 

the pin features, i.e. cylinder and flat effects.  While the objective of the study was 

successful, the concave edges were not produced as per drawing due to limited 

cutting tool access, hence forming rinds of flash.   

 

3. A patent has been filed based on the idea of producing a tool using the press fit 

method. The tool was constructed from three components which were then subjected 

to thermal assist and/or press fit. Because of suitable working space in producing the 

tool components, the sharp edge issue that was faced in the single piece tool was 

found to be not present. Tool components were intact after welding trials proving that 

the holding strength between tool components after being press fitted was sufficient 

to carry the load generated during welding.  

 

4. The tight fit assembly tool is the way of producing a fixed gap bobbin tool because of 

its advantages as a single piece tool and ability to minimise the discrepancy of tool 

fabrication due to ample space for the cutting tool path. This design allows gap to be 

set at assembly using semi-permanent fixation. This avoids the problems of the 

adjustable tools which have poor gap control under load. 



 

111 

 

CHAPTER 5  

RESULTS: FACTORS THAT CAUSING 

VARIABILITY IN WELDING 

 

Listed in Figure 5. 1 are suggested factors that affecting the weld formation found through the 

investigations. These are based on the insight that obtained throughout the test plans. Because 

of the studies were more exploratory, a database that has the specification of the setting 

condition as well as the weld produced was developed (see Appendix 5.2), whereby each 

work was given an identification, for example TB03XXXXX. The first four to five digits 

represent the tool number and any digit or alphabet after that is represent the unique 

identification of the process which has been conducted on the substrate.  

 

 

 

 

 

 

 

 

Figure 5. 1: Schematic illustrating the selected parameters. 
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Three main categories of variables can be identified which suggested to be potential in 

becoming converts variable; these are fixation, rigidity and equipment variability. Fixation 

refers to methods of substrate and tool being fitted, and the interference introduced by the 

shoulders on the substrate. Rigidity is about the compliance present because the hardware 

could not resist the dynamic forces generated during welding and equipment variability is the 

electrical components (controller) and machine characteristics which can interfere weld 

formation. 

These factors predominantly effect the dynamic engagement of the BFSW tool with the 

substrate. The dynamic engagement was evident in the time-varying forces and torques, 

which in turn are the consequence of processes involving the way to grab the tool grabs and 

the way to release the plasticised weld material, the stiffness of the mechanical systems that 

hold the tool and the substrate, and the way the machine control system interacts with the 

dynamic response, ultimately affecting the weld formation. In an ideal situation where the 

process is under control and the settings transferable, any process variation should be defined 

and in control so that higher reproducibility of quality can be achieved. The importance of 

establishing such factors was evident in [141] and [14]. Arbegast and Patnaik [141] showed 

the issues of fixture establishment in the beam design assembly which resulted in variation of 

weld efficiency. Similarly, Mishra and Murray [14] showed welding force response towards 

clamping position which eventually impacted the weld quality. Although the importance of 

this variable has been realised, prior work was limited to CFSW which is known to be 

demanding in setup requirement. Therefore, the belief that the BFSW process is less stringent 

regarding fixation is not exactly true because the FSW process itself has factors that need to 

be controlled for a reproducible process. This issue has not been significant in CFSW because 

of the demanding process setup that is already required prior to welding.   

Interesting examples can be found in Liu, et al. [122] who used featureless tool, while 

Colligan, et al. [121] implemented tool with loaded features to achieve good weld. Both cases 

were in a similar group of material at 5mm - 6mm thickness. That welds could be achieved 

with such variety of tool features  suggests that other variable, such as identified above, are 

acting as covert variables. 

Additionally, tool features (or design), spindle and travel speed have received overwhelming 

attention by previous CFSW researchers, but not for BFSW. Although these factors play 
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similar roles in both processes, the additional shoulder in BFSW and the full pin penetration 

create additional interactions. This is because for single shoulder tool pin, material is always 

available around the tool-substrate interface, but this is not the case in bobbin tools. The 

situation is even more acute when dealing with difficult-to-weld and thin materials. Besides 

that, although the literature describes a variety of specifically designed tools, the details of the 

design including dimensions of the features, and the process responses have not yet been 

revealed, especially for BFSW.  

In this context ‘Difficult-to-weld’ means that the presence of multi-parameters interactions in 

the process. This causes low repeatability (same process setting do not consistent quality of 

weld), production of high variability of weld formation (weld quality changes within one run) 

and sensitivity to situational variables (covert variables that the users are not aware of). For 

the particular material under consideration Al6082-T6 there are additional welding 

difficulties due to low ductility compared to other aluminium alloys. Other factors that 

contribute to welding problems are variability in hardness, inconsistency in thickness and 

surface finish.  

So, this and the subsequent chapters report on the empirical findings from this research 

project. The causal factors are identified and their effects explained and discussed. 

5.1 SHOULDER GAP 

5.1.1 Introduction 

Shoulder gap is a parameter that might be categorised as a tool feature factor. However in this 

situation it is treated separately because of the significant effects of this feature in bobbin 

process in term of tool-substrate fit up (that are not present in CFSW).   

The main source of heat generation is from the shoulder [9, 49], hence intimate contact 

between shoulder and material is important. Colegrove, et al. [142] stated that approximately 

only 20% of the heat generated by the pin. This is in good agreement with the finding by 

Schmidt, et al. [143] whereby 80% of the heat is generated  at the interface location between 

the shoulder and the substrate.  In the case of CFSW, there is a large externally-imposed 

vertical force which arises from the axial load or plunge action, and this ensures full contact 

between tool and material for a defect free weld. In He, et al. [144], the plunge parameter is 
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identified to be critical due to severe material transformations that took place, which resulted 

in high temperature and stress especially at the entry stage. Kumar and Kailas [145] shown 

that at higher load better weld efficiency and quality was produced, see Figure 5. 2. However, 

when the optimum condition was reached the weld quality tended to decrease. For example 

the work of Nunes, et al. [146], showed the production of flash was seen and based on Kim, 

et al. [4] it has been identified that improper setting of vertical force can deteriorate weld 

formation by producing defects. 

 

 

 

 

 

Figure 5. 2: The axial force effect [145]. 

 

In addition to axial force, certain tool features can reduce the contact requirement [14, 47]. 

For example, tools that were developed by TWI known as Flare-Trifute and A-skew (refer to 

Table 2.1) can reduce 20% of the axial force requirement. A recent investigation done by  

Luan, et al. [138] which studied concave, concentric circle and spiral pattern on the shoulder 

revealed that the spiral pattern produced the most plastic deformation. The illustration of 

these features is depicted in Figure 5. 3. They used a forge analogy that was available in the 

Deform-3D environment involving Coulomb’s law and Levy-Mises at the location between 

tool and welding plate in order to simulate the temperature distribution field and plastic flow 

feature of the substrate for selected shoulder design.  
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Figure 5. 3: Illustration of shoulder feature used by Luan, et al. [138]  . (a) Concave shoulder. (b) Concentric 

circle. (c) Spiral flute. 

In the simulation (see Table 5. 1), the tools were slightly plunge in at a depth of 0.05 mm. 

They found that the spiral feature 20 times higher material volume that has been displaced. 

They also mentioned that the amount of deformation between 1 mm- 2 mm depth was 

similar, whereby for other tools this amount of migration can only be achieved at a shallow 

depth of 0.1 mm. Although their purpose of the study was for the application of friction flow 

welding (single shoulder tool without a pin), the results are useful for the role of shoulder 

features. 

Table 5. 1: Material displacement [138]. 

 

 

 

 

 

 

 

Therefore, an optimum amount of shoulder contact is essential, along with the necessary 

physical geometry, because without it bad weld formation and low joint efficiency may be 

obtained [147, 148]. However in the BFSW process, the axial load is minimal or absent [18]. 

This is because of the full penetration of the tool into the material and the symmetrical 

arrangement of the shoulders, see Figure 5. 4. Consequently the shoulder geometry and fit to 
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the substrate is an important variable in BFSW. Unfortunately use of an adaptive bobbin tool 

with specialised controller has caused the importance of this parameter to be obscured. 

Nonetheless, this also means that the mechanism for generating shoulder friction is 

dependent, in the BFSW case, on the interference (compression) between the substrate (plate 

thickness) and tool (shoulder gap). Other work has examined shoulder features for bobbin 

tools [21, 44, 121, 149], but a comprehensive understanding of the interference effect is not 

yet available.  Only relatively recently has shoulder gap been included in research studies 

Hilgert [140]. However, in that case an adaptive tool was used, with the gap varying 

throughout the process. This is not relevant to the case of fixed bobbin tool which has 

constant interference.  

 

 

 

 

 

 

Figure 5. 4: Compression in BFSW. 

5.1.2 Thermal simulation 

In addition to the above consideration it can be anticipated that the interference is unlikely to 

be static, but rather dependent on plate thickness variations, vibration due to equipment 

rigidity, and tool deflection. Hence the interference has the potential to alter the weld quality. 

In this section, the effects of different interference (compression ratios) were evaluated.  

5.1.2.1 Simulation approach 

Figure 5. 5 illustrates simulation approached. A geometry model was created based on that of 

Song and Kovacevic [150] and implemented in the Comsol multiphysics environment [151]. 

The condition and boundary of the simulation was built for the CFSW but was adopted to the 

BFSW environment. To do so, the heat index of the shoulder qshoulder supplied at one surface 

Where 

P1 and P2 force 

L1  thickness 

L0  initial thickness 
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(top), also applied on the bottom surface. Therefore, the normal force (Fn) that is applicable to 

a single shoulder process was applied on both sides of the plate. In addition, the effect of 

spindle and the travel speed can also be illustrated. This heat transfer model identifies the 

effect size of focused parameters. It is somewhat simplified in its. Assumption of continuous 

feed of the substrate, simple geometry surface and shear stress based on the tensile strength 

experimental results in elevated temperature. These assumptions were also adopted by Kiral, 

et al. [152]. Eq. 5.1 represents the formula used in Comsol for the heat dissipation in a solid 

plate. 

𝜌𝐶𝑝𝑢. ∇𝑇 =  ∇. (𝑘∇𝑇) + 𝑄                                                                                                (𝐸𝑞. 5.1)  

Where 

k thermal conductivity; 

ρ density; 

Cp specific heat capacity; 

u velocity.  

 

 

 

 

Figure 5. 5:  The geometry model of the simulation [151]. 

 

For heat sources generated at shoulder and pin Eq. 5.2 and 5.3 were used as suggested in 

[142]. 

𝑞𝑝𝑖𝑛(𝑇) =
𝜇

√3(1 + 𝜇2)
𝑟𝑝𝜔�̅�(𝑇)      (

𝑊

𝑚2
)                                                                 (𝐸𝑞. 5.2)    

Where 

μ friction coefficient; 

rp pin radius; 

ω pin’s angular velocity (rad/s) 

Ӯ(T) average shear stress of the material. 
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The average shear stress Ӯ(T) was taken from experiment data of tensile strength at elevated 

temperature.  This value was an approximation. 

𝑞𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟 (𝑟, 𝑇) = {
(

𝜇𝐹𝑛

𝐴𝑔
) 𝜔𝑟; 𝑇 < 𝑇𝑚𝑒𝑙𝑡       

0              ; 𝑇 ≥ 𝑇𝑚𝑒𝑙𝑡

                                                               (𝐸𝑞. 5.3)    

Where 

Fn normal force; 

Ag shoulder surface area; 

Tmelt melting temperature. 

 

Additionally, for the heat transfer as in Eq. 5.1, the plates also have heat losses based on 

natural convection and surface to ambient radiation. The heat flux equations that correspond 

for this situation are given in Eq 5.4 and Eq 5.5. This situation applies to both sides of the 

plates, i.e. top (up) and bottom (down).  

𝑞𝑢𝑝 =  ℎ𝑢𝑝(𝑇0 − 𝑇) +  휀𝜎(𝑇𝑎𝑚𝑏
4 − 𝑇4)                                                                         (𝐸𝑞. 5.4)  

𝑞𝑑𝑜𝑤𝑛 =  ℎ𝑑𝑜𝑤𝑛(𝑇0 − 𝑇) + 휀𝜎(𝑇𝑎𝑚𝑏
4 − 𝑇4)                                                                  (𝐸𝑞. 5.5) 

Where 

hup and hdown heat transfer coefficient for natural convection; 

T0  reference temperature; 

ε  surface emissivity; 

σ  Stefan-Boltzmann constant; 

Tamb  ambient temperature. 

 

5.2.2.2 Simulation results 

By using this simulation, assuming there is 0 kN and 10 kN of compression force, the effect 

size of this parameter is illustrated in Figure 5. 6. In the simulation, other parameters such as 

spindle and travel speed were constant. Plate thickness was set at 4 mm similar to the case in 

this project. The result shows minimum heat was generated when there is no compression. 

High temperature can only be seen around the pin location, but when there was an additional 

pressure, more heat was generated around the tool shoulder and dissipated into the plates.  
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Figure 5. 6: Heat generation at different compression force simulate in COMSOL. (a) 0kN (b) 10kN. 

 

This explains that shoulder gap is essential to BFSW, and needs to be actively considered.  

The empirical work in TB7SG1-TB7SG3, which did earlier to identify the effect of different 

gaps did not provide much information. More flash was observed for narrow gap shoulder 

and complete welds were able to be produced for all trials.  Hence, it is believed that the 

extent of compression, i.e. the shoulder gap relative to the plate thickness, is a key variable. 

Using a statically adjustable assembly tool, may provide inconsistent welds because the 

compression can be different in each setup. This has been confirmed by Colligan, et al. [121]. 

5.1.3 Experimental design 

To assess the compression effects, three tools with different shoulder gap, SPB1-SPB3 were 

used. The SPB1G, SPB2G and SPB3G setups are given in the database. A single piece tool 

was selected because of its constant shoulder gap, which could not be accomplished by 

statically adjustable tools.  The edge of the tool shoulder of these tools was modified by 

adding a slight taper for minimising flash formation.  Shoulder gap at delta or compression 

(%) of 0mm (0%), 0.25 mm (3.75%) and 0.35mm (8.75%) were selected to introduce 

different compression ratios on 4mm thick of AA6082-T6.  This extruded aluminium alloy 

was cut to 260 (length) mm x 130 mm (width) per piece and set as for butt joint configuration 

producing weld plate of approximate 260mm (length) x 260mm (width). The selected 

welding parameters were based on prior experimentation by trial and error. The trials were 

run using a manual milling machine at approximate 650rpm and 60mm/min. The entry feed 

was manually controlled by slowly feed the tool until heat reached at least 160°C. Figure 5. 

7(a) shows the experimental setup. Process responses based on force and temperatures were 

(a) (b) 
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recorded during the welds besides current and spindle speed. Based on the constructed load 

measuring platform (refer Chapter 4), the force that measured in travel direction is Fy (Y 

axis); longitudinal and Fx (X axis) is the force perpendicular to the travel direction; 

transverse.  Wired thermocouples were embedded half way through the plate thickness to 

measure temperature, with each side of the plate containing seven thermocouples. The plan 

view of the thermocouples positions and the axes direction is illustrated in Figure 5. 7. 

 

Figure 5. 7: (a) Manual milling machine with welding instrumentation. (b) Plan views of the thermocouples 

position; T1-T14. Substrate is move towards the rotating tool.  

5.1.4 Results and discussions 

Flash and obvious void, hole and tunnels were seen at the weld area, see Figure 5. 8. The 

compression effects were presented based on visual inspection and instrumentation data 

(force and temperature). A superimposed diagram of the force and visual inspection (top 

surface of the plates) is provided. This permits a direct association between both findings. 

The full captions for the welded plates can be found in Appendix 6 under the identification of 

SPBG1, SPBG2 and SPBG3. 

Three stages of forces responses can be identified that are; entry, welding and exit. The entry 

can be characterised as a sudden high force which decreases over time before becoming 

stable as the tool travels completely into the plate. The exit phase is when the leading edge of 

the tool first starts to leave the plate, and the force decreases steadily with a sudden last drop 

of the forces. The weld stage is located in between entry and exit. This study revealed that the 

weld stage can be divided into two types which are unstable force (fluctuation) and stable 
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(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

RS 

AS AS 

RS 

AS 

RS 

AS 

RS 

force. In all cases, fluctuation force can be present at the post-entry stage that indicates heat 

build-up at the substrate-tool interface. It should be noted that for this study, manual feed for 

initiation was used at an early stage of the tool entry before the auto feed was applied. Hence, 

the magnitude at the entry was not exact and welding time was not equal among the trials, but 

the theories found through the investigations are believed to be comparable.  

 

 

 

 

 

 

 

 

Figure 5. 8: Welds defects on the top surface. (a)  and (b) Grooves. (c) Closed tunnels (d) Open 

tunnels/hole/void. (e) flash at 3.75% compression  (f) flash at 8.75% compression. 

 

At 0% interference, minimum flash was produced, but period of groves (rough) surface 

finished were found. Other defects that were also present were open void and lines of closed 

tunnel. There was limited steady flow during the weld stage, hence confined formation of a 

fine surface finish, see Figure 5. 9. 
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Figure 5. 9: 0% compression. 

 

However, for 3.75% as shown in Figure 5. 10, a rind of flash was produced, which we term a 

wave defect. The wave characteristic for this interference was 10mm pitch at 5mm height. 

The peak of the wave pitch leans towards the weld direction, refer Figure 5. 8 (e). This 

indicates that material has been plasticised with some amount of the compression by the 

shoulder before exit as a flash.  Moreover, based on the force responses, it can be seen that at 

the weld stage the stable force wavelength varied. The change is related to the establishment 

of wave flash. Besides that, the rough surface finish was present at the entry and near the end 

of the weld stage, which is corresponds to the fluctuating forces evident at this time. A closed 

tunnel defect was persistent throughout the welds, and there were also some open voids and 

open tunnels in places, indicating a generally incomplete flow of material.  

 

 

 

 

 

 

0% compression 
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Figure 5. 10: 3.75% compression. 

 

For the 8.75% compression, higher volume of wave flash was produced compared to 3.75% 

compression. Flash having a size of 15 mm pitch at 7 mm height, and in upright condition, as 

presented in Figure 5. 8 (f). It is suggested that the effect of shoulder edge that sheared the 

material, was more than the compression effect. Hence a defect of continuous chip was seen. 

The effect of the excessive wave flash is also evident in the forces. The formation of the 

excessive flash and continuous chip production are exit transport mechanisms that remove 

material from the weld pool. This is consistent with the observed thinning of the weldments. 

In contrast to the other cases, rough surface finish (and associated fluctuating force) only 

occurred once after the tool entry. But, the roughness was smoother compared to 0% and 

3.75% compression. This is believed to be because of tool engagement factors which 

supersede the heat build-up factor. In addition, the open tunnel defect was more prevalent that 

in the other cases, and is also consistent with a loss of material explanation.  

 

 

 

3.75% compression 
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Figure 5. 11: 8.75% compression. 

An interesting effect found through the investigation is force magnitudes of the travel force 

(Fy/Y) and transverse force (Fx/X). Figure 5. 12 presented the mean of the steady state in the 

weld stage. In all cases, it is found that Fx is higher in magnitude than Fy. This suggests that 

the rotating tool creates significant lateral thrust following the tool rotation, directed at the 

substrate on the retreating side. In addition to that, Fy response was unexpectedly positive at 

high interference, i.e. the tool is resisting the substrate feeding direction (discussed later), 

hence suggesting that at high interference the role of the shoulder is just not for heat built up 

but also has an active role in generating force and participating in the material flow 

mechanism.  

 

 

 

 

 

 

8.75% compression 
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Figure 5. 12: Stable force at welding stage (mean during steady progression). Where X= Fx and Y = Fy. 

 

In terms of temperature profile, data are presented for selective thermocouples. Some of 

wired thermocouples were disrupted by the flash formation as well as the rigidity of the force 

platform, thus misplacing the thermocouple. It is apparent from the temperature measurement 

that lateral motion (deflection) causes the retreating side to have higher temperatures than the 

advancing side. Note also the force data (above) show that the tool pushes harder on the 

retreating than advancing side. This also implies that there is more tool-substrate interaction 

occurring on the retreating side than the advancing, see Figure 5. 13(a).  

It is also interesting to note the difference in temperature profiles in regions of steady 

progression (stable force) as opposed to oscillating forces (unstable force), see Figure 5. 

13(b). This temperature was compared between T2 and T3 thermocouples which were 

located near to this region. The stable regimes present hotter regions than do the oscillating 

forces. From this it is inferred that the oscillating regime has reduced contact from the 

shoulder.  

In general, it can be stated that the substrate temperature increased linearly with interference, 

see Figure 5. 14. This relationship shows a general upward trend in temperature which is 

similar to the CFSW studies when the temperature increased with axial load/plunge force 

[153]   .  

Compression 
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(a) (b) 

 

Figure 5. 13: (a) Temperature measurement at advancing side T7 and retreating side T14 of 3.85% compression. 

(b) T2 and T3 of 3.85% compression. 

 

 

 

 

 

 

 

 

Figure 5. 14: Maximum temperature of T10 measured at different compression. 

 

The torque was also determined during the stable welding regime. The 0%, 3.75% and the 

8.75% interface settings had torques of 49.92Nm, 18.89Nm and 60.397Nm respectively. 

Thus, the torque is dependent on the shoulders-to–substrate engagement. At a minimum 

shoulder engagement (0% interference), only low heat is generated, so the substrate is cooler 

and has a higher yield strength,  hence higher torque on the tool pin.  At this stage, if the 

stirring torsion requirement is higher than the tool capability, the tool may be broken. In the 

case of high shoulder engagement (8.75% interference), the substrate was fed into the narrow 
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area between the shoulders, hence increasing the normal frictional torque.  In addition, as 

stated earlier, when the shoulder gap is narrow, some of the substrate will be sheared by the 

tool edge at a premature plastic condition, and this material is in the hard condition, hence 

high torque. The torque results indicate that the best of these three interference settings was at 

3.75%. The torque that recorded at 3.75% is similar to that recorded in the literature  for 4mm 

2024 Aluminium plate Hilgert [140]. 

Based on the spindle current measurement, similar characteristics are evident in force 

measurement. There is high fluctuation of current at entry stage, which becomes stabilised at 

the welding stage. This however does not apply to the 0% interference case, where the 

current fluctuation continues through the welding stage. This is a proxy variable for force.   

An increment of current demand can be seen from no-load to full-load of the spindle motor. 

Mean currents of 0.622A, 0.573A and 0.636A were recorded for 0%, 3.75% and 8.75% 

interference respectively during the stable current measurement in the welding stage. 

The shoulder gap study has identified that interference has a significant impact on weld 

quality for the bobbin tool. At low interference, the friction rotation and material stirring is 

done by the pin, with minimum shoulder intervention. This leads to deflection and high loads 

on the pin. In contrast, at high interference, both the pin and shoulders consistently interact 

with the material. The weld stage is more stable with less fluctuation force. However, the 

great interference produces high reaction forces from the welding substrate, and hence higher 

torque. Also, this condition results in higher temperature development, which may be 

excessive and not conducive for good weld formation. In addition, at this stage a high amount 

of flash was produced as the material seeks to escape.  Table 5. 2 indicates the shoulder gap 

effects which were obtained through the investigations.  

The results show that of the interferences tested here, that of 3.75% is best for the fixed 

bobbin tool. Although the observed effects could alternatively be related to process 

parameters such as spindle and travel speed [14] or shoulder dimension (or tool dimensions) 

[49, 154], but by making these factors constant, the impact of shoulder compression is 

revealed.   
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Table 5. 2: Shoulder engagement effects. Where H=high, M=medium and L=low is the identification of the 

impact. 

EFFECTS 

Compression  

(interference) 

0% 3.75% 8.75% 

Stable Force 

Unstable Force 
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Force Magnitude 
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5.1.5 Interpretation of the findings 

Previous studies have tended to focus on resultant force, torque and plunge force/axial force 

(in the case of CFSW) [140, 155, 156]. This applied to both simulation and experimental 

situations. Limited works have been done in studying individual force components [157, 

158].  Although simplified static and deterministic information is sufficient for functional 

studies, a better understanding of tool progression is obtained by examining the dynamic 

longitudinal and transverse forces. This is significant for BFSW where the pin fully 

penetrates the substrate. As stated above, we found that the lateral force Fx was higher in 

magnitude than the axial force Fy at the weld stage, for all three cases of interference fit. This 

means that the rotating tool creates significant lateral thrust, directed at the substrate on the 

retreating side (RS).  

Based on the available information, we are now in a position to explain tool deflection based 

on engagement of the tool and substrate, and how this affects weld quality, (refer Figure 5. 

15). This analysis is for the pin in its full penetration interaction.  
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1. The rear side of the tool (C) engages with the hot plasticised substrate material. In 

contrast the forward side of the tool (A) engages with more solid substrate material and 

therefore sustains a higher interface force. This causes the tool to be deflected in the –Y 

direction which is backwards compared to its commanded CNC location (this deflection 

is also in the direction of the material travel).  

2. The rotation of the tool, clockwise from above in this case, coupled with the feed means 

that the advancing side of the tool (D) engages with greater relative velocity than occurs 

at the retreating side (B). This generates a higher resistance force at (D) than (B). The hot 

plasticised material being transported by the pin is forced into the AS side, and stagnates 

there. This packs material into this region, creating a lateral pressure that displaces the pin 

in the X direction, i.e. towards the retreating side. As a consequence the tool is also 

deflected to the retreating side (+X direction), i.e. is to the RS side of its CNC 

commanded position. The tool drags the substrate with it, so the force platform records a 

+X force. 

The deflection of the tool towards the retreating side cause turbulent flow lines and void 

defects commonly evident in the microstructure of the advancing side. The tool that is 

displaced away from the advancing side will require higher velocity of material to pack 

material into this location hence, high spindle and fast feed rate.  It is also consistent with the 

observation that the X force increases with the degree of interference (see section 5.1.4).  

Additionally, the direction of the tool rotation coupled with the tool deflection causes the 

upper shoulder to embed into the top surface of the substrate in the vicinity of (A) causing a 

gap in the seal at (B) and hence flash at the upper surface of the retreating side only. 

Simultaneously, the opposite happens for the lower regions: the rear edge of the bottom 

shoulder embeds into the lower surface of the substrate (under-surface of (C)). This substrate 

material is warm and pliable, and hence material ejection is rarely seen. However, the form of 

ejection can be in fine ejected threads and whiskers rather than flash. 
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Figure 5. 15: Butt joint plan view. Tool is fixed. Substrate is feed towards the tool.  

 

In a stiffer system, e.g. with greater interference and less compliance, the effect cannot be so 

readily accommodated as internal deflection, and hence appears as a need for greater 

externally imposed force. This is consistent with the observation for the lateral force and 

pressure was greatest for greatest interference (8.75% compression).  

Another interesting and counterintuitive effect was the observed change in the longitudinal 

force Fy with (i) stage of welding, and (ii) interference. In all cases, regardless of the 

compression, the Fy force is positive at the entry stage. This means the substrate is being 

resisted in its travel, or conversely the tool is behind its CNC commanded position. This is a 

natural consequence of the action-reaction contact forces at entry. However, when the tool is 

fully engaged in the substrate, then the Fy force is observed to go negative, at least for cases 

of 0% and 3.75% interference. This is evident in Figure 5. 9 and Figure 5. 10, during the 

welding phase. 

This negative Fy on the substrate can be explained as a secondary consequence of the lateral 

deflection of the tool. The tool is displaced towards the retreating side, as explained 

previously. This means that the tool is no longer positioned on the joint line between the two 

pieces of substrate, but rather is positioned more in the plate on the retreating side. The 

increased embedment in the RS plate causes increased frictional forces against tool rotation 

in the (A-B) quadrant, which are analogous to the climb-out forces of down-hill milling. Thus 

the tool finds an equilibrium deflected position where the lateral force exerted is balanced by 

the structural elasticity and the embedment ejection force. However this still means that the 

X 

Y 

 
Fy 

A 

B 
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D 
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tool is off the joint line, and this has consequences for the longitudinal force balance. Since 

more of the tool is embedded on the retreating side, more material has to be removed and 

transported rearward on the RS than the AS. Consequently the longitudinal frictional forces 

are not symmetrical about the joint line, but are larger on the RS. Substrate is feed to the tool 

and the welding is progress. The longitudinal RS frictional pull the substrate material into the 

tool, and overwhelm the resistance effect on the AS. Hence the outcome is a negative Fy force 

on the substrate. 

However, at maximal interference of 8.75% the force on the substrate during welding is 

observed to remain positive throughout the entry and subsequent welding stages, see Figure 5. 

11. Thus the force is always opposed to the movement of the substrate in this case. The 

proposed explanation is that greater interference causes the flanges to grip a larger diameter 

of material, i,e. the stirred zone enlarges in volume. The increased stirred volume means that 

greater force is required to push the tool through the material. Also, the stirred zone extends 

into the advancing side, hence becoming relatively more symmetrical. Another contributing 

effect is proposed to be that the higher interference increases the frictional heating and causes 

the tool to slip more, and grab less. Together these effects overwhelm the snatching effect, 

and the outcome is a positive Fy on the substrate.  

By comparison in the CFSW works, such as Vukcevic, et al. [158] and Mishra and Murray 

[14], the longitudinal Fy force is always positive (the forward progression of the tool through 

the material is resisted), and the transverse Fx force is either positive or near zero (sideway 

motion between advancing side and retreating side)
b
. This means that substrate grabbing was 

not present in the CFSW process. This can be explained as a consequence of the large 

externally applied plunge/axial force, which increase the grip between tool and substrate. 

This force is obviously absent in zero-interference BFSW processes. However, the position or 

                                                 

 

 

b
 Positive longitudinal (+Fy) is the reverse travel direction of the substrate and positive transverse (+Fx) is lateral 

motion towards the retreating side. 
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sign of the forces in CFSW can be influenced by the type of sensor used  identified by 

Langlois, et al. [159], but the trend can be identified . 

Based on these observations, it is apparent that for CFSW, the longitudinal force is always 

positive. It is suggested because of the shoulder-substrate interaction the intensity of the 

transverse force is lower than the longitudinal force hence, minimum deflection/lateral 

displacement. But in BFSW, due to full pin penetration and absence of the plunge/axial force 

an inversion of the forces occurs with high deflection. 

It is suggested that in BFSW the shoulders play an important role of grabbing material, as 

well as generating heat. Meanwhile the primary function of the pin is for material mixing; 

stirring the material located between shoulders. Therefore, a radically new material 

transportation theory should be expected for thin-plate BFSW compared to thick-plate BFSW 

and CFSW. The development of such a theory is covered in the material transportation 

explanation in Chapter 6, and also disseminated through publication [123]. 

5.2 RIGIDITY OF THE SUBSTRATE FIXATION 

5.2.1 Introduction 

CFSW has the detriment of requiring a strong clamping fixture, to resist both the parting 

force and plunge force. This requirement can be reduced when adopting the BFSW process as 

the plunge force is absent [28]. However, the reduction of the clamping requirement should 

be not taken for granted. Although there is some evidence that  excessive side clamping in 

BFSW can cause the plate to be bowed [15], the experience of the present researcher using 

the portable friction stir welding provided by INCAT was that firm lateral clamping was 

required.  

In addition to a requirement of strong clamping, a rigid structure of the fixture is essential 

[121, 160].  However, literature that quantifies the effect size of this factor is rare for friction 

stir welding in general and altogether absent for BFSW in particular.  Although researchers 

[14, 141, 161] have shown the importance of fixture , this was in the CFSW realm where this 

is self-evident, and even then the overall rigidity of the welding apparatus was not explicitly 

considered.  

The present work sought to determine the fixation and rigidity requirements more explicitly. 
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5.2.2 Approach 

The effect of rigidity was found through the response obtained during the shoulder gap study 

using the fabricated force platform. Although the force platform is able to tightly hold the 

material to be welded, and has high stiffness (deflection under load) the characteristics of 

which were quantified during the calibration stage, even noticeable deformation was 

observed at the load cell package during strenuous welding operations.  The movement was 

even higher when the welding was conducted using SPB4 tool. The deflection was believed 

to be due to the pin feature effect which was absent in other tools during that study.  This is 

attributed to the stirring mechanism introduced by the flats enhancing the material flow. The 

flat feature introduces better material dynamic swept volume compared to a cylindrical  pin 

[2]. But, because of alternate friction between the cylindrical and flat regions of the rotating 

pin, a dynamic load was produced. This effect causing high fluctuation of forces throughout 

the welding process as depicted in Figure 5. 16. 

 

 

 

 

 

 

Figure 5. 16: Weld stage force response for SPB4.  

 

Although, rigidity problem on the force platform was not so severe compare to the portable 

machine (refer Chapter 4.1), nonetheless it is believed that the effect can influence weld 

formation by interfering with the material transport mechanisms. This leads to a requirement 

for a comparison study between the force platform and a rigid support in order to proof the 

thought. 

Y force 

X force 
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(a) 

(b) 

Hole for substrate fixation 

5.2.3 Experimental design 

Weld runs SPB4SF1, A2B1SF3, A2B5SF4 and A2B6SF5 were used to reveal the effect of 

the support fixation. For this purpose, a rigid support was built from a steel block with an 

open slot at the middle for the bottom shoulder pathway, see Figure 5. 17(a). The Weld-on-

plate configuration was adopted. The plate size was approximate 140~200mm (width) x 

140mm (length). The plates were in linished condition as supplied by INCAT. During the 

welding, manual entry which is similar to the approach used in the shoulder gap study was 

adopted before using the auto feed function. The setting parameter that was used was 660rpm 

and 60mm/min for the spindle and travel speed respectively.  Four different tools were 

involved: SPB4, A2B1, A2B5 and A2B6. A high speed camera, Photron Fastcam SA5, was 

used for this study, as illustrated in Figure 5. 17(b). The camera was positioned 

perpendicularly to the direction of the welding and the field of view of the camera was 

focused at one of the load cell packages (package 4) to quantify the deflection occurring. In 

each run, 500 frames per second (fps) of video were captured with still image resolution of 

1024 x1024 pixels. At every 100 frames of the saved video file, four measurements at 

different location were taken at the load cell packages to identify the changes that occurred. 

This is illustrated in Figure 5. 18. 

 

 

 

 

 

 

 

Figure 5. 17: Deflection investigation. (a) Illustration of the  rigid support. (b) Trial setup with force platform. 
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Figure 5. 18: Field of view of the camera with location of measurement to quantify the effect of the dynamic 

force presents at one the load cell package (load cell package 4). Point 1, 2 and 3 are the measurement of the gap 

changes between the load cell holder 3 and top platform. Point 4 is the gap changes between the load cell holder 

3 and 1. 

5.2.4 Results and discussion 

Figure 5. 19 and Figure 5. 20 show the visual inspection of the plates at the welding stage. It 

can be seen that all of the welds have noticeable grooves and smear (thin wisps) of flash. In 

addition, some plates have incomplete joint characteristics. A2B6SF5 which was welded 

using A2B6 has the worst condition followed by A2B1SF3 that used the A2B1 tool. The full 

feature tool A2B1 was expected to produce acceptable welds, but surprisingly produced a 

rough weld surface with incomplete weld at the bottom. The reason for this contrary finding 

is proposed to be the welding parameters e.g. spindle and travel speed were not optimised for 

this tool. The parameters used were 660 rpm and 60 mm/min for the spindle and travel speed 

respectively, later work shows that these should have been 800 rpm and 1500 mm/min. In 

addition, the contribution factor is the compliance of the force platform (not rigid) which 

allowed the substrate to move laterally relative to the tool, thereby allowing the formation of 

the incomplete weld.  
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Figure 5. 19: Top view of the welding on a force platform fixture using different tools. (a) SPB4 (b) A2B5 (c) 

A2B1 (d) A2B6 

 

 

 

 

 

 

 

 

 

 

Figure 5. 20: Bottom view of the welding on a force platform fixture using different tools. (a) SPB4 (b) A2B5 

(c) A2B1 (d) A2B6 
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Incomplete joint 
(a) (b) 

This is proven through the repeated weld done when using SPB4 tool to weld a substrate on 

using steel block as a support (rigid) as a comparison study of the compliance of the force 

platform, see Figure 5. 21. The results clearly revealed the rigidity effect that exists within the 

substrate fixation. 

Although the incomplete weld still present on the SPB4SF2, but in term of the welding 

surface finish, the weld surface was smooth without trenches compared to the welding on a 

force platform. It appears that the swept volume was altered when the substrate was held by a 

non-rigid support.  

This shows that stiffness of the fixation, as opposed to merely clamping force per se, is an 

important production variable. This makes theory establishment difficult, unless this variable 

is controlled which it invariably is not in the literature.  Theory development should ideally 

be based on an actual stable process before research variability is introduced. The stiffness of 

the fixation (as opposed to fixation force) is seldom if ever reported in the literature, 

presumably because most researchers are unaware of its importance. This means that it is 

difficult to generalise from the resulting recommendations and process-settings in the 

literature.  Hence, the technology transfer to industry will be challenging.  

 

 

 

 

 

 

Figure 5. 21:  SPB4 tool with rigid support (SPB4SF2). (a) Top view. (b) Bottom view.  

 

Severe deflection was seen when producing SPB4SF1 that used the SPB4 tool on a force 

platform fixture. This is as expected because it was a repetition of the SPB4G seen earlier. A 

typical movement is evident in  
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Figure 5. 22. Dynamic force that was generated during the welding causes the gap between 

the top platform and the load cell package (load cell holder 3) to change. The movement is 

then measured and presented in Figure 5. 23.   

 

 

 

 

 

 

Figure 5. 22: Changes in distance between top platform and load cell package during welding. (a) Before 

welding. (b) During welding. 

 

At every 100 frames, points 1-3 show a pattern of gap changes that are presented in 

frequency, but no clear pattern was seen from point 4. The 1 Hz of recurring movement that 

was present at points 1 -3 is suggested to be related to the stick-slip of the material flow when 

being plasticised and stirred by the tool. The data are limited, but are evidence of the 

importance of rigidity compliance. Although strong clamping was introduced to the substrate 

via the fastening, when the underlying clamp structures lack rigidity then the welding is 

affected.  Based on the observed results it is suggested that deflection is not favourable and 

its presence during welding can result in adverse changes in weld formation. 
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Figure 5. 23: Dynamic changes of the gap at the selected points for SPB4. 

5.2.5 Interpretation of the findings 

The study revealed that FSW is sensitive to stiffness of the clamp arrangements.  A slight 

movement of the substrate due to the compliance of the fixture that presents in a dynamic 

manner can alter the metal flow. This directly causes variation in weld reproducibility, hence 

potentially producing defects. This is because, by assuming the tool being fixed tightly on the 

machine, the amount of material being transferred by the tool and the area to be filled will be 

influenced by the amount of the compliance present at the fixture of the material. For 

example, due to the lateral thrust, the tool is prone to deflect to the rotating side, which in this 

case is the retreating side (tool rotation is clockwise) which will push the plasticised 

substrates together. In the situation where the fixture lacks rigidity, the weld materials will 

also experience a similar push. Since both components have different degrees of deflection, 

the material mixing will be altered: the tool will tend to move the fixture around rather than 

stir the weld material. Hence uncontrolled fixation stiffness makes it difficult to establish the 

process parameters, i.e spindle and travel speed. It may also hypothetically cause a broken 

tool. 

The rigidity depends on many factors such as material and its design [162]. Therefore, 

different equipment will have dissimilar stiffness, and this could be the cause of the various 

ranges of parameters used by researchers in producing their welds. Thus, it is suggested that 

for producing good repeatability of welds, this variable need to be in control.  

It is suggested that the built force platform should ideally have high resistance towards 

deformation not only when subjected to a static load but similarly when subjected to a 

dynamic load. This insight was obtained using the force platform, and hence after it had been 

built, and is a potentially important design consideration for future force platforms. The issue 

is that force was measured with strain gauges on aluminium load-cells, and these introduced 

too much compliance. Some of the thinner steel geometry (10 mm) in the force platform was 

also observed to deflect. The present project did not have the time or resources to build a 

second generation force platform, nor to procure one. Therefore, the implications were that 

the force platform sometimes contributed adversely to weld formation, and consequently was 

not used as much as it could be in the investigation for good welding parameters. Instead the 
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research tended to use an extremely rigid fixation (see appendix A3.3), but then had to forgo 

the measurement of force.   

5.3 EFFECT OF TRAVEL AND SPINDLE SPEED ON WELD 

FORMATION 

5.3.1 Introduction 

In general, the role of the spindle and travel (feed) speeds is to provide the heat input for the 

FSW [163]. Rotational speed directly affects the heat input via frictional mechanisms, and the 

travel speed (feed or linear direction) provides the opposite effect via pressure (normal force) 

mechanisms. This can be defined through relationship of, ω/ѵ. “ω” is the rotation and “ѵ” is 

the spindle speed. By squaring the rotation a pseudo heat index can be obtained, ω
2
/ѵ [164]. 

Both parameters provide a significant effect on the mechanical properties of the welds. Zhang 

and Zhang [115] stated that the stirring effect will be improved at increasing rotating speed 

and decreased welding speed. However it is observed that at higher rotation flash can be 

obviously seen at the same time, and this means that material is being lost from the weld. 

Unlike conventional welding processes where there is always opportunity for filler material 

to be added to the weld, in FSW there is no opportunity to add material (there are some exotic 

patents that attempt to provide an exception though these are not mainstream). Consequently 

any material ejected from a FSW weld, whether in the form of flash, rinds, or chips, means 

there is a net loss of cross sectional area and hence and opportunity for a defect. It is this 

author’s observation that tunnel defects typically arise in these situations, although the tool 

does compensate by borrowing material from ahead and depositing it at rear. So the material 

deficiency can be transferred linearly along the weld, hence the prevalence of linear defects 

and voids.  

In addition, when both spindle and feed parameters are increased, this can lead to the increase 

of residual stress which it is desirable to avoid. Therefore, the establishment of the 

dependency between spindle and travel speed on weld properties has been one of the major 

research questions in CFSW. Some of the examples of this vast body of work can be found in 

these references [60, 72, 165-168]. However, despite the vast efforts that have been done 

applied this area, the parameters used are diverse and still not established with confidence, 

even for CFSW and especially BFSW. This not only happens with different type  of material 
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[169] but also in a similar group of materials with  similar thickness. For example, to weld 

6056 Aluminium  500-800 rpm at 40-56 mm/min has been  used [168] and for welding 6082 

Aluminium 1500 rpm at 115 mm/min [167]. These are very different settings and indicate the 

difficulties. Defect types of hole and tunnel are commonly seen in the weld area with the 

position of the defects being varied. This is dependent on the process setting which are 

affected by the heat input [60] and material flow [170].   

Early works in BFSW that included the variation of spindle and process parameters can be 

found in [15, 16, 119]. Unfortunately there is not much information to be extracted from the 

works besides an indication of whether their adopted approach resulted in successful welds. 

The problem is that the early BFSW works took a simplistic approach to the parameter space, 

and did not control parameters that are now known to affect weld quality. So the repeatability 

is low.  

Other known effects of spindle speed are that at increasing spindle speed, the ‘bulge’ effect 

on the nugget area increases which eventually reduced the strength of the bond Schneider, et 

al. [16]. Meanwhile, for the effect of welding feed speed a recent study by Liu, et al. [122] 

when welding Al6061-T6 using a featureless pin of the bobbin tool (plain pin, no scroll on 

shoulders) reported that at faster feed, the grain size of the nugget area increased and a void 

was evident at the edge of the nugget area located near the advancing side.   

For both CFSW and BFSW the literature shows a diversity of process parameter settings, 

even in a similar group of materials. The present author also found that the parameters were 

very variable. For example, using the prototype rig machine for welding 6061 Aluminium 

alloy of 6 mm thickness, the rotation speed of 500-700 rpm at 250-450 mm/min was used. 

However, when the welding was repeated for weld on plate of Al6082-T6, those parameters 

were unsuccessful such that similar welding output was not successfully duplicated, but 

rather required the settings to be 700-1000 rpm with 76 mm/min. Meanwhile, the literature 

shows for similar material and thickness successful welding was produced at 600 rpm at 50-

200 mm/min [122]. However for a slightly different thickness of 5 mm material thickness the 

parameter used was 700 rpm at 2032 mm/min [121]. Then again for 4 mm of Al6082-T6 

which was using the weld on plate configuration, a sound weld was reported to be produced 

at 700 rpm with 80 mm/min travel speed [21], and then 800 rpm and 2032 mm/min was used 

to weld 6061-T6 of a similar thickness [121]. As this shows, a wide range of spindle and 
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welding speeds have been used. Given this diversity and since the repeatability is poor, this 

indicates that the spindle and travel speeds are not the only variables, nor are they universally 

applicable, but instead are specific to the situation and other covert situational variables.  

This also means that successful industrial application of FSW requires a great deal of tuning 

and ad-hoc adjustments to find process settings that work in that situation. Nor is there any 

explanatory theory of BFSW that could be interrogated to find out, in any one situation, why 

defects were occurring and which parameters to adjust. This lack of a systematic 

industrialisation of BFSW is not an ideal situation. There is limited published literature on 

this problem, hence a need to evaluate the effect of these parameters in a more rigorous way.  

In addition, it is suggested that there can be others casual factors affecting these heat inputs 

and material stirring, as identified earlier in section 5.1 and 5.2. Moreover, other researchers 

tend to analyse the effect of the feed and spindle speed parameters only in the context of good 

weld formation. For the difficult-to-weld Al6082-T6 thin plate, this is a problematic approach 

because of the severe difficulties in producing good welds. Therefore a slightly different 

approach was taken to discovering the effective setting of these parameters in this specific 

environment, which was to closely examine both failed and good welds, and infer the causes 

in both.  

We found that there is much valuable information to be extracted from observing failed 

welds, as well as the good ones. For a start, the material flow is much clearer in the welds 

with voids, than the good welds. This is especially relevant since existing etches do not reveal 

the grain structure of Al6082-T6 with sufficient resolution. This applies to Keller’s reagent 

and HF based reagents. It is notable that most of the published images of Al6082-T6 

macrostructure show poor grain definition, so it is evident that other researchers have the 

same problem with this specific alloy. It is believed that the difficulties is because of its 

composition which has less Ferum and Cuprum but higher in Silicon compared to Al6061-

T6, thus, grains boundary revelation is challenging and time consuming particularly when 
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involving large samples. If there is a reagent that will successfully show the grains in fast 

time manner, it is not known in the literature
c
.   

Observation of how the voids progressive close up as the parameters progress towards those 

necessary for good welds, is useful in seeing the changing flow regimes.  

5.3.2 Experimental design 

Trial and error approach was used to establish the working spindle and travel speed. The 

parameters reported in the literature were found to be unsuitable. This confirms that there are 

additional situational variables that are covert and not reported in conventional tests. These 

are related to additional variables, i.e. the condition of the substrate (different batch of plates), 

welding setup (substrate fixation) and tool features (dimension, surface feature and material). 

Even the size of plate can be a variable, as it affects heat sink attributes.  

A breakthrough was found when trials were conducted at 350rpm for weld on plate of a small 

substrate with a size of 130 mm (length) x 140 mm (width) using tool A2B1. The welding 

success was then adapted to a different substrate dimension that was wider 260~280 mm 

(length) x 130~140 mm (width). For this weld, butt joint configurations were applied and 

data acquisition of temperature and current measurement were recorded.  The position of the 

thermocouples is shown in Figure 5. 7 (b). Fast Fourier transform was then used in 

comparing the current response between ‘good’ and ‘bad’ weld.  

The tests that used small substrate are identified as A2B1ST1-A2B1ST9 and for the wider 

substrate were A2B1STS10 - A2B3ST15. Tensile test and nick break test (bend test) were 

conducted.  

                                                 

 

 

c
 The University of Tasmania collaborators on this project even put a summer scholarship  student onto the 

problem of trying to find a reagent that would etch and reveal the grain boundaries for 8082-T6 for optical 

microscopy, but they were unsuccessful. In general their grain definition was poorer or at best equal to the 

author’s work. It is this author’s experience that a high degree of polishing of 8082-T6 is necessary for best 

results.    
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5.3.3 Results and discussion 

5.3.3.1 Tunnel defect 

An interesting finding was the role of feed on the weld quality at the bottom side of the weld 

on plate. Open tunnel defects along the bottom plate at the advancing side were produced at 

slow travel speed (120-350 mm/min). At a faster travel speed (450-850 mm/min) this 

eventually closed at the welding stage (middle of the plate). Unfortunately, the tool was 

broken when the welding was conducted at 950 mm/min of travel speed. This was relatively 

fast speed causing significant stresses on the tool due to the limited heat generation. The 

failure took place at the pin which is the weakest location of the tool due to the smaller 

diameter compared to the shoulders. Intuitively one might expect that faster feed will increase 

the heat input since the interface pressure and hence normal frictional force are higher. 

However, this is not so. With faster travel speed, the welding will experience low heat input 

[171], which exposes the tool to the non-plasticised base material properties that are not 

weakened by the heat generated. Consequently, higher force and torsion is required to stir the 

materials, and this load can exceed the strength of the pin. Figure 5. 24 shows the open 

tunnel, complete weld and the broken tool in this study.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 24:  Bottom side view. (a) Middle section welding at 120 mm/min. (b) Middle section welding at 850 

mm/min. (c) Entry and exit open tunnel. (d) Broken tool. The remaining of the tool with the pin still embedded 

inside the plate.  
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A series of cross-sections were performed, starting 50 mm away from the tool entry, to 

identify the open tunnel relationship with the progression of the welding speed. See Figure 5. 

25 for the series of the cross-sections. Band patterns (knit line), which correlate to the flow 

patterns [172] are witnesses of the location where aluminium has come together, see Figure 5. 

26. Comparing the knit lines obtained in this empirical work to the work did by Liu, et al. 

[122] and early work did by us [21] , it can be found that with the present of threads, slender 

lines were produced compared to a cylinder pin. This can be explained by the material 

transportation induced by the treads.  

The knit lines are only apparent at the advancing side. The reason for this phenomenon is due 

to the difference temperature. Hot material at the retreating side packs up towards the low 

temperature of the advancing side. It is believed because of the heat dissipation between these 

two zones, the grain size is not similar. This is agreed by Liu, et al. [122], thus due to heat 

losses, band pattern present in a smaller grain size compared to the other area around it. 

When the band pattern is seen at higher magnification, its presence is absent. Thus, this can 

also be concluded that the material is in different orientation, thus deflect light in different 

angle at low magnification. It is also can be observed that when the amount of the lines is 

reduced, the formation of better weld can be produced. The reason is because of a uniform 

blend between the materials thus, reduce weakness points that targeted by the stress.  
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Figure 5. 25:  The cross section view 50 mm of the entry. (a) 120 mm/min. (b) 200 mm/min. (c) 250 mm/min. 

(d) 350 mm/min. (e) 450 mm/min. (f) 550 mm/min. (g) 650 mm/min. (h) 850 mm/min. 

 

 

 

 

 

 

Figure 5. 26: The knit lines pattern at higher magnification of the 850 mm/min of travel speed. 

 

The images in Figure 5. 25 and Figure 5. 26  show the transition from open tunnel towards 

the close tunnel/void. This shows that the role of travel speed is not only about heat input, but 

also plays a significant part in feeding materials into the stirring zone. The area of the tunnel 

was measured and plotted against travel speed as illustrated in Figure 5. 27. The relationship 

has been fitted using third order polynomial.  The size of the tunnel cannot be negative, thus 
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the polynomial come with a range limit of Area ≥ 0. The area is representative by ‘Y’ (mm
3
) 

and ‘x’ (mm/min) in the diagram equation. This also shows that the open tunnel gradually 

closes at higher feed speed. 

 

Figure 5. 27: Relationship between open tunnel and travel speed in BFSW for the A2B1 tool. 

 

The formation of the open tunnel, its development into a closed tunnel and the void which its 

eventual progression (under the right circumstances) into a complete weld, is interesting to 

observe and permits several insights to be gained. Our observations suggest the following 

interpretation of the mechanisms. 

5.3.3.2 Rooster tail at entry 

At the entry stage the open tunnel arises from the effect of tool-run-in at the edge. As the tool 

enters the substrate, some material is stirred and ejected outside the plate in a rooster tail. 

Hence ‘tail formation [173]’. In our case a small amount of chips were also produced, and 

these dropped to the base of the fixture, see Figure 5. 28. The tail arises because the tool 

needs to create a space allocation for itself in the solid material, and the effect of stirring is to 

transfer material from the leading edge to the rear, hence the tail. The lost material will 

subsequently need to be filled by means of fresh material from the leading edge, hence travel 

speed is important. This is because, as the tool progress forward, the material will be fed to 

the back of the tool to close the weld behind. However, at a slow feed rate, less material is 

grabbed during the tool progression motion. Additionally, the material transfer is influenced 

by the high heat generated at slower spindle speed which weakens the material transportation 
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(a) (b) 

mechanism by reducing the adhesive property between the direct contacts of two sliding 

surfaces. This is because high temperature will reduce the material friction coefficient, thus 

more sliding between the tool and substrate will occur. This view is supported by Pearson, et 

al. [174] in their work regarding tool wear.  

  

 

 

 

 

 

Figure 5. 28: Tool entry from the edge characteristics. (a) The rooster tail/Tail. (b) Chips left on the rigid fixture 

after welded substrate being removed (Top view). 

5.3.3.3 Importance of feed rate 

This leads us to conclude that faster feed is essential for a sound weld. This is contrary to 

some other researchers, such as [28]. Our reason is based on the differences in tool entry. 

Those other  researchers used a pilot hole for the tool to enter the substrate, which is suitable 

for a disassembly tool or automated tool head BFSW [15, 28], and is similar to the plunge 

entry technique used in most CFSW processes.  This type of tool entry is not start from the 

edge of the material but inside the substrate. There is no tool run in from the edge. Example 

of this approached can be found in [175]. In the automated head technique, the bottom 

shoulder of the tool is assembled through the hole prior to welding, with the shoulder gap 

being controlled by the system. Thus, it is believed that material losses at the entry are 

minimum compared to the tool-run-in method.  

In the case where the tool can be started within the plate the situation prevents deposition of 

material away from the substrate. This capture of material also helps faster heat generation 

due to more substrate-to-tool contact. There also will be a minimum space for material to run 

into, hence material transportation will be efficient.   

However our work was limited to fixed gap bobbin tools, where a tool run-in is generally 

necessary.  In this case some amount of material is pushed outside the plate before a bridged 
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joint is formed at the back of the too. This also reduces the volume of material being stirred 

(due to loss of material), hence contributing to the formation of a void defect. 

So, it is suggested that, for cases where the tool is required to enter the material from the 

edge, a faster travel speed at the welding stage is preferred.  This conclusion is further 

supported by the data in Table 5. 3, showing that the tunnel length shortens at faster feed.  

Table 5. 3: Tunnel lengths. 

 

 

 

 

 

 

 

5.3.3.4 Exit characteristics 

An additional interesting finding was the characteristics of the exit tunnel. It is believed that a 

similar theory which has been applied in explaining the existence of the entry tunnel can also 

be applied for the exit tunnel. Although a complete weld can be identified at the middle of the 

plate, that there is still a potential for a closed tunnel or a longitudinal region of void to be 

intermittently present in the weld. The latter can be small and can be difficult to capture 

under the cross-section view, see Figure 5. 26 as an example. As the tool approaches the exit, 

so the forward availability of the material becomes limited, and the tunnel defect enlarges in 

cross-sectional area. The material shortage is even more significant when the tool ejects an 

amount of material as a protrusion beyond the exit edge of the plate. This is known as a 

blowout protrusion [173]. This can be present at both side of the substrate; advancing and 

retreating side.    
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5.3.3.5 Wider application 

The success that was achieved in finding a working spindle and travel speed was then applied 

on a physically wider substrate. Regrettably, at 750 mm/min (A2B1STS10) of travel speed 

using a replica tool as above and similar spindle speed (350 rpm), the welding process caused 

a broken tool after the entry phase. The feed speed was then reduced to 650 mm/min 

(A2B2STS11), but unfortunately this also resulted in a broken tool
d
. This leads to the finding 

that substrate dimension (width) plays an important role in defining the process parameters, 

even if that role is incompletely understood (the effect is believed to be partly related to the 

larger plate being able to quench the temperature faster due to greater thermal mass).  

Previous researchers have identified that process parameters are dependent on material 

thickness and types of materials used. That substrate size should be a variable has not 

previously been considered.  This oversight was also based on the prevailing understanding 

that BFSW has double shoulders, did not require an anvil (hence no thermal sink), and the 

process should be able to supply enough heat. With substrate size being an important variable 

in BFSW, this has significant implications for commercial applications where plates may 

vary in size.    

Wider plates have more opportunity to extract heat from the weld region via conduction, 

convection, and thermal mass. The loss of heat reduces the plasticity of the material and 

increases the forces, hence the risk of tool breakage that is costly and time consuming to 

replace. To overcome this problem, higher heat input is required. Because heat generation is 

directly proportional to the spindle speed, thus higher spindle speed is required for 

                                                 

 

 

d
 Research into friction stir welding is demanding on tools. The tools are precision engineering products and 

often also have to be hardened. This means that the time and financial cost of producing tools is significant. The 

smaller the tool the more difficult the fabrication and the greater the cost in both financial and time. It can take a 

several weeks turn-around time to build another tool in a typical workshop setting where there are other 

priorities. It was as a result of these pressures that the research team comprising the student, the supervisor, and 

the workshop manager invented a new way to manufacture a tool. This method was specifically developed to 

make it easier to machine the tool features by putting them in the open, hence making the tool cheaper and 

quicker to build. We reduced the cost of a tool by a factor of ten.   
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successfully welding on a wider plate. Spindle speed is also known to be more significant in 

affecting weld quality compared to travel speed [31, 176]. Because the substrate size used for 

our butt joint configuration was about double the size of the weld-on-plate substrate, thus to 

handle the heat dissipation the spindle speed was increased by a factor of two (800rpm). 

However, the welded plate of A2B3STS12 which was welded at 200 mm/min has a 

significant open tunnel defect. This is a similar effect to previous trials that also had the open 

tunnel defect present at the bottom side of the plate near to the advancing side. Additionally, 

fine hair-flash was also present. This flash was not evident in the previous trials. The cause of 

this is uncertain but appears to be related to the heat, material flow and material feeding to the 

stirring area, and requires further investigation. With higher travel speed of 1000 mm/min 

(A2B3STS13) the size of this open tunnel was small to non-existent. Thus some locations, 

especially at the middle of the plate, managed to produce complete welds. This indicated that 

a faster welding speed, higher than 1000 mm/min, was required. Therefore, travel speed of 

1250 mm/min (A2B3STS14) and 1500 mm/min (A2B3STS15) was used. This gave positive 

results, with successful weld formation.  

Figure 5. 29 shows the visual inspection of the welding stage of these plates.  

 

Figure 5. 29: The visual inspection at weld stage of the welds. (a)200 mm/min(A2B3STS12). (b) 1000 mm/min 

(A2B3STS13). (c) 1250 mm/min (A2B3STS14). (d) 1500 mm/min (A2B3STS15). 
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We infer from our results that, at a faster feed rate, the heating effect is more localised at the 

tool-substrate region. The reason is at fast travel speed less heat been transferred to the 

surroundings. The heat source (tool-workpiece interface) is quickly moving forward away 

from the thermocouples location that is already in distance from the weld area. Therefore, 

time available is limited for steady temperature set at the thermocouples at which the welding 

is then completed. This is not the case of slow travel speed, whereby more time is spent at a 

location, thus, thermocouples manage to measure the temperature. This is evident in Figure 5. 

30 for the thermocouple measurement plot. It is evident that the temperature profile can be 

clearly seen for welding at 200 mm/min, but when welding at 1500 mm/min the profile is 

incompletely developed by the time the tool exits the substrate.  

 

 

 

 

 

 

 

 

 

Figure 5. 30: Temperature profile at retreating side for welding at 200 mm/min and 1500 mm/min. 

Thus, the extent to which the thermal profile lags behind the tool position is valuable 

information about the state of the plasticising process. Having temperature measurement at 

the welding tool would be a great advantage as a control strategy for feed.  

Slow travel speed causes the substrate to be exposed to elevated temperature longer. This is 

not preferred because temperature affects the grain growth, hence deteriorates the mechanical 

properties [20, 177]. With higher travel speed, finer grain size is expected, which should 

improve the mechanical properties of the material. This is because temperature was low due 
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to the high travel speed, but higher strain rates arise which consequently produce more strain-

free nucleation for the finer grain structure [178]. 

On the other hand, grain growth can also be effected through amount of deformation [122]. 

At fast feed rate, the degree of deformation is expected to be low. Thus, coarser re-

crystallised grains produced. Therefore, a conclusive conclusion could not be drawn either 

fast or slow feed rate is essential. Comparing our work to previous studies in [122, 140, 178], 

their approach of slow feed rate managed to produce sound weld with good mechanical 

properties. Therefore, it is believed the grain size formation will dependent on which factor is 

dominant thus, this require further investigation. However, based on our results which will be 

shown later, at faster feed rate batter hardness was produced. Based on this, it can be 

suggested for our case low heat helps generate stronger weld.  

5.3.3.6 Mechanical tests and persistent longitudinal voids 

Mechanical tests were conducted by cutting the tensile test coupon to the DNV standard 

[125]. The results indicate that at faster travel speed the welded plate was able to withstand 

higher force while being stretched. All the samples fail at the advancing side. Comparing 

both results to the NZ6082 requirements [179], the tensile test exceeds the minimum 

requirement of the tensile strength. This confirms that good welds were achieved with these 

processes settings and tool features. Additionally, the results were comparable to the fusion 

welding produced by INCAT, see Figure 5. 31. In terms of elongation, welding produced at 

1500 mm/min of travel speed had superior ductility compared to fusion joining and against 

the run at 1250 mm/min, see Figure 5. 32.  
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Figure 5. 31: Comparison of the tensile results. 

 

 

 

 

 

 

 

 

 

Figure 5. 32: Comparison of the elongations. 
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5.3.3.7 Bending test 

Surprisingly, when samples from the A2B3STS14 and A2B3STS15 were subjected to 

bending test, both failed on the advancing side of the weld in the weld region, see Figure 5. 

33. This location is similar to the location of the open tunnel seen previously when welding 

was conducted at low travel speed. DNV rules state that the bend test should be conducted in 

the face and root direction, and no damage should occur in the weld area when bent to 180°. 

But these samples failed at 45° of bend angle. A straight crack line was produced in both 

samples, hence suggesting that a closed tunnel or a region of void was present. This is 

consistent the tensile test breaking location. This also can means that period of void may be 

present that not captured at the selected cross-section.  

 

 

 

 

Figure 5. 33: Bend test results. (a) A2B3STS14 (b) A2B3STS15 

5.3.3.8 Hardness testing 

Further investigation was undertaken on cross-section and micro hardness as seen in Figure 5. 

34 and Figure 5. 35 respectively.  It can be observed that the weld which was conducted at 

1500 mm/min (A2B3STS15) produced a defect-free weld but at 1250 mm/min (A2B3STS14) 

a void was evident at the advancing side. Although a defect-free weld was seen at higher 

welding speed, but because of the bend test failure, it is suggested that there was also a region 

of void present in the similar location. As stated before, this void can be intermittently 

present in the weld. Thus, to map this defect, a progression of cross section along the plates 

using higher magnification is required.   

In terms of hardness measurement, both welding was comparable, but at the location of -5 

mm to 5 mm of the centreline, welding at 1500 mm/min produced slightly higher hardness 

(on average). This explains the superior strength of the tensile test results at fast travel speed 

and provides an insight for current material, heat is the dominant factor for grain growth.  

(a) (b) 



CHAPTER 5: FACTORS THAT CAUSING VARIABILITY IN WELDING 

156 

 

0

20

40

60

80

100

120

-15 -10 -5 0 5 10 15

H
V

 

Center of the weld 

A2B3STS15 

A2B3STS14 

AS RS 

Void 

AS RS 

(a) 

(b) 

 

 

 

 

 

 

Figure 5. 34: Cross-section view at the middle of the substrate. (a) A2B3STS14. (b) A2B3STS15. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 35: Hardness results. 

 

The defect seen is in the same location as the tunnel defect, though much smaller in sectional 

area. Thus we infer that the problem of material lost during the initial entry of the tool 

persists in some form through the whole weld. Even if there is no actual void, this is still the 

location of the knit lines, as the photographs show, and hence a potential weakness.  Thus the 

entry conditions affect the material flow and mixing of the materials much later in the process 

when the tool is fully embedded in the substrate. Additionally, we suspect that low ductility 

properties can also contribute to the continuity of the defect. This is because, compared to 
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other materials such as 2024 and 6061, the 6082 aluminium alloy is the least ductile material. 

Thus, transporting the material to the back of the tool was difficult, especially when some 

material was lost during entry. Although higher spindle speed is assumed to improve the weld 

formation, but this eventually increases heat input, which reduces the mechanical properties 

of the weld due to a grain growth. So there are conflicting mechanics. Additionally, at high 

temperature the capability of the tool to stir the material will be reduced because of the 

alteration of the adhesive property. The alteration can be referred as a compacted oxide layer 

formation when two metals slide each other at high temperature in an oxygen environment 

that causing more sliding than sticking. 

5.3.3.9 Motor current 

Further studies were done looking into the current measurement of both spindle and feed 

motor. Two main observations can be carried out. First, it can be clearly seen that the spindle 

motor consumed high current at faster rotation. Second, this condition is vice versa on the 

travel motor. Comparing the current of the machine at load (welding commence, see Figure 

5. 36) and without load (machine operated but without welding, see Figure 5. 37), the spindle 

motor current trend is comparable for both situation but at different magnitude. This 

obviously influenced by the availability of materials, surface of the pin and feed rate.  

High fluctuation of the current consumed by travel motor can be seen at slow feed rate. While 

the present of fluctuation is present when the motor run without any welding work, this is 

strongly believed due to the resistance of the table towards progression provided by its 

weight, Figure 5. 37 (b). By neglecting the fluctuation generated by the mass of the table, 

high fluctuation finding is consistent with our previous explanation about the continuous 

availability of materials to be stirred. This also can be the strategy of the machine control that 

will be explained in later subchapter. 

In addition, it is also suggested that the fluctuation of current used by the travel motor is due 

to the pin feature (flats) that face the fresh material during forward motion. Therefore, it is 

not surprising that during high travel speed the characteristics of the current is consistence to 

the current measured for both motor without welding load. 
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Figure 5. 36: Current measurement (moving average). (a) Spindle motor. (b) Travel motor. 
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Figure 5. 37: Moving average of current measurement with no welding load. (a) Spindle motor. (b) Travel 

motor. No significant differences present at different speed used. Close loop control the demand of the current.  

 

Using the spindle speed current measurement, the trend characteristics of the weld were then 

identified using the Fast Fourier Transform (FFT). A2B3STS12 and A2B3STS15 were 

selected because of the clear differences in terms of weld formation. A2B3STS12 produced 
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clear open tunnel defect while no visual defect produced by A2B3STS15. The FFT produced 

by A2B3STS15 has low amplitude of the low frequencies compared to the weld that 

produced an obvious tunnel, refer Figure 5. 38. This is in agreement with the suggestion 

made by Arbegast [180] and Boldsaikhan, et al. [181] when referring to his CFSW process 

forces for a good weld. In addition, it is also observed that the fundamental and harmonic 

frequencies are also marginal for A2B3STS15.  

Therefore a ‘good’ weld should have low amplitude in each of the frequency bins, especially 

the low spectrums bin. However, a clear peak of fundamental frequency amplitude still can 

be identified. On the other hand, for a ‘bad’ weld signal these frequencies are high in 

amplitude especially the low spectrums bin.  

By using this classification, the FFT plot for the welding run at 1500 mm/min of A2B3STS15 

still shows some density of the low spectrum bin. This suggest void/tunnel present in the 

weld that agree with the bend test results.  

Further identification of the bin frequencies trends will be explained later in subchapter 5.5. 

However, it is suggested that for BFSW, the FFT signal can be identified by low amplitude 

for all of the bins. There can be a degree of high density of low frequencies bin. Thus, the 

identification of the frequency response is suggested to be process-dependent, which implies 

that CFSW researchers, e.g. [180-182], need to reconsider their approach to classifying a 

joint as bad. This is because the CFSW process requires axial force and anvil (support) which 

minimises the potential swing (movement) of the tool, and hence has different characteristics 

on the FFT signals.  

 

Figure 5. 38: FFT at the weld area. (a) A2B3STS12, ‘bad’ weld. (b) A2B3STS15, ‘good’ weld.  

Note: Arrows show amplitude at lowest frequency. 

(a) 
(b) 
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5.3.4 Interpretation of the findings 

The diversity of the welding parameters quoted in the literature is problematic, and there is a 

need to find the working parameters and their deeper dependencies. The present work 

contributes to the body of knowledge by identifying (i) That the travel speed influences 

tunnel-void formation by feeding materials towards the stirring zone, (ii) That the tool entry 

method can cause material shortage, hence defects, (iii) The role that ductility of the material 

plays for a defect-free weld formation, (iv) That heat transfer during welding is slower than 

the higher travel speed, (v) That  good welds will have low magnitude of frequencies with a 

minimum quantity of frequencies in low spectrum bins and (vi) That substrate width affects 

optimum feed speed via the heat dissipation effect.  

The effect of fast travel speed at constant spindle speed is to cause less heat input, which 

promotes finer grains for superior welded properties, by excessive feed speed causes 

decreased heat input and improper stirring. The role of feed speed in moving the material in 

the stirring zone has not previously been clearly identified in the literature. This is because 

previous studies invariably focus only on good welds, and discard the bad welds and the 

information therein, and consequently do not notice severe deficiency in terms of material 

volume. However, this is not the case in the current study.   

At slow travel speed, it is believed that the tool cuts the solid material in a periodic manner, 

e.g. as the flats rotate. But, at high travel speed, the tool will continue cutting the solid 

material because it is pressed into the substrate. Thus, more fresh material will enter into the 

stirring zone. The material transfer is in volume [182] but the effectiveness of the welding is 

believed to be based on the contact states. These contact states are between tool surface-to-

substrate and substrate-to-substrate [183].  

The details of the suggested contact states can be found in [143] and the summarisation of the 

definition is shown in Table 5. 4. It is suggested that based on the results obtained the volume 

of material that is in the contact states of sticking-sticking/sliding creates a dynamic seal 

condition (see Figure 5. 39) that constrains the material in the stirring zone. However, the 

effectiveness of this dynamic seal is reliant on the amount of heat input (spindle speed), tool 

features and properties of the material. 

 



CHAPTER 5: FACTORS THAT CAUSING VARIABILITY IN WELDING 

162 

 

Bobbin tool 

Dynamic  

seal area  

Table 5. 4: Definition of contact condition [143]. 

 

 

 

In terms of spindle speed, its role is increasing the heat input. The heat weakens the solid 

material before it is plastically deformed by the tool. Without proper heat supplied to the 

region, high force and torsion will be experienced by the tool, which may break the tool. 

Although heat transfer is found to be slower at fast welding feed speed with a constant 

spindle rotation, nonetheless the heat generated at the tool-material interface contributes to 

the flow of material.  This is critical when welding wide sheets of material. 

 

 

 

 

 

Figure 5. 39: Illustration of the amount of material that is being driven by the tool which is constrained by the 

dynamic seal of the tool.  

5.4 TOOL FEATURES EFFECTS 

5.4.1 Introduction 

From the literature it is evident that there is no universal tool used in CFSW. In addition, 

guidelines drawn from the CFSW literatures are contrary to the approaches used by BFSW 

researchers. For example, in CFSW, the shoulder width dimension is generally taken to be 

two to three times the thickness of the substrate, and the pin diameter should be similar to the 

thickness of the material to be welded [38, 171]. But different proportions have been used in 

BFSW. For example previous researchers such as Threadgill, et al. [18] used bobbin tools 

with 36 mm shoulder diameter and 18 mm pin to weld 25 mm thick Aluminium alloy. 
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Meanwhile, the work of Liu, et al. [122] using featureless bobbin tools is contradictory to 

other researchers [15, 16, 121] who felt it essential to have at least threads on the pin. 

This is indicative of the gap of knowledge in the features necessary in bobbin tools (BFSW), 

and representative of a deeper lack of knowledge of what these features really do. It is 

possible that this situation is made worse by commercial competitiveness and unwillingness 

for researchers to fully disclose valuable information because of conflicting funding interests. 

Personal communication with Kevin Colligan [184] suggests that the use of a cylinder pin 

(featureless tool) is really questionable and the success can be quite challenging.  

Based on the works explained above, the identification of tool features and their functionality 

become a more complex problem when the underlying dynamics are poorly understood, and 

the variables are not completely identified, hence an uncontrolled condition. For example, our 

previous work showed that support rigidity and shoulder gap relative to plate thickness 

(hence interference) are key variables even if invariably not identified and reported in the 

literature. If such covert variables are not identified and controlled then they reduce the 

reproducibility of the experiment and promote inconsistency of weld quality. Thus, there is a 

need to explore the performance of different tool features in a controlled environment where 

other factors are fixed. This is important to practitioners so that proper guidelines can be 

given to successfully implement the technology. 

5.4.2 Experimental design 

In this study, pin features were the main area of focus, with some variation of the shoulders 

also included. The reason for concentrating on the pin features is to explore the material 

deformation and mixing behaviours, as opposed to the heating and grabbing function of the 

shoulder.  Although some material deformation can be experienced through features on the 

shoulder, this is small [138]. Tool pin features used were varied from a plain cylinder 

(featureless pin), threads, flats, and a full featured pin with both threads and flats. On the 

shoulders, the features were either a flat cylinder with tapered edges (convex), or a spiral 

scroll.  The tool features used in this work are noted in  

Table 4. 7 and Table 4. 8. There are two main differences between the tools in these tables. 

First is the shoulder gap and second is the material used to build the tools. Tools in Table 4. 8 
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were set at 3.55 mm shoulder gaps. This is to maintain a sufficient compression (3.75%) 

when welding the 3.7 mm skimmed substrates.  

These studies were conducted for tools in phase 4 are because of the shoulder gap was fixed 

and the pin diameter was wider than the earlier tests. This approach provided consistent 

compression and a stronger pin for withstanding the forces generated at fast welding feed 

speed. The welding parameters for spindle speed and feed speed were based on the current 

finding that is similar to the A2B3STS15 run. Therefore, the initial spindle and travel speed 

were set at 800 rpm and 1500 mm/min. 

The objective was to produce a repeatable weld using a known setting, with varying tool 

features. Once welds were able to be produced, mechanical and cross-section tests were 

conducted. For the tools that had better material properties (hence stronger) which is the case 

of tools listed in Table 4. 8, the travel speed was further increased to explore whether superior 

joints were possible within the physical limit of the tools.  During some of the runs spindle 

and travel current were monitored. 

In this stage, a rigid substrate fixation and CNC machine are used, thus minimising the 

changeable fixation parameter. This helped concentrate the results on the role of tool features 

as opposed to other variables.   

In addition, forces measured by build force platform were also used. Although this fixation 

has been identified as a source of variability, but to observe the deflection, the trials 

conducted using full pin feature and the obtained result was compared with cylinder pin with 

3 flats (sub chapter 5.1). 

5.4.3 Results and discussion 

5.4.3.1 Cutting effect 

The experiments resulted in welds of variable quality: some poor, some of rudimentary 

acceptable welds, and some good. For the shoulder feature, tools listed in Table 4. 8 which 

have a scroll feature on the top flange produced the worst outcomes. These tools are A2B7-

A2B12 and A2B14. In these cases the plates were cut by the tool and no welding occurred. 

Figure 5. 40 (a) depicts the defects. It can be observed that the tools were unable to introduce 
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good material flow, hence cutting through the plate rather than jointing them. A consistent 

and substantial amount of flash was produced on the retreating side.  

This cutting defect was absent when the A2B13 tool was used, see Figure 5. 40 (b). By 

comparing the A2B13 and A2B9 tool characteristics it is apparent that the scroll feature is 

absent on A2B13. But it is inappropriate to conclude that the scroll feature caused the defect. 

The reason is because similar scroll design which used in A2B3 tool does not yield any 

cutting effect. Additionally, previous researchers had successfully used scroll features in their 

studies. Scroll feature is believed to play an important role in heat generation as well as 

guiding the material towards the centre of the tool.  

Although there is a difference in term of material properties between the A2B3 and the tools 

listed in Table 4. 8, it seems improbable that any resulting differences in friction coefficient 

and tool strength should cause such a defect. This is because the tools were new and used in a 

short run for welding aluminium plates that can be categorised as soft material. 

 

 

 

 

 

 

 

 

Figure 5. 40: Visual inspection. (a) Cutting effect (A2B8S9). (b) Acceptable weld (A2B13S4). 

 

Therefore it is suggested that the cause of the defect is due to fabrication method. This is 

because for a similar scroll design, the methods of fabrication were different. Scroll features 

in Table 4. 7 were cut using a CNC milling machine with a commercially available ball nose 

cutter. On the other hand, scrolls for the tools in Table 4. 8 were cut with a CNC lathe using a 

(a) (b) 

Cutting effect 
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threading program and a fabricated cutting tool. It was observed that the scrolls shape cut by 

the CNC lathe machine resulted sharp edges at the crest area. Theoretically, when the crest 

area is small, the pitch of the groove will be greater. It may be that this drills rather than 

smears the material. Nevertheless, this is a tentative explanation and therefore further 

investigation is required. It does suggest that pitch size and scroll fabrication methods have to 

be considered sensitive variables, and apparently the mechanics of the material flow under 

the scroll are more complex than acknowledged in the literature.   

5.4.3.2 Tool stresses 

The manufacturing discrepancy of the scroll on the hardened tool meant that the pin feature 

study was limited to the tools fabricated in Table 4. 7. This limited spindle speed setting to 

the maximum of 1500 mm/min. The reason was to prevent any further breakage of low 

strength tool material. Unfortunately, although the welding speed was limited, the cylinder 

pin with three flats (A2B6) and threaded pin (A2B4) were broken during the welding. This 

did not occur for tool A2B3 which has the combination of cylinder, flats and threads at the 

pin. Thus, a direct conclusion is that tool features play an absolutely key role in weld stresses. 

The effect of tool feature is more critical in BFSW compared to CFSW. This is because of the 

fast welding speed required for BFSW and full penetration of the pin thus, high force will be 

generated. In order to prevent any tool breakage, stronger tool material and appropriate 

application of tool features are needed.  

The A2B6 tool broke when the tool started to enter the weld stage and the A2B4 broke when 

the tool was near the exit stage. The threaded pin was found to produce high amounts of flash 

at the retreating side. Meanwhile, for the cylinder pin tool (A2B5), no bond was developed at 

the advancing side. Besides the incomplete open weld from top to bottom surface of the plate 

at the advancing side, there was also flash at the retreating side.  Figure 5. 41 depicts the 

observed defects.  
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Figure 5. 41: Top plate view. (a) A2B4TF1 (b) A2B5TF2. 

 

The results of a cylinder pin with three flats, threaded pin tools and cylinder pin show that 

tools with limited pin features are unable to produce a sound weld under well-controlled 

conditions. This is clearly contrary to the finding of Liu, et al. [122] which used only a 

cylinder pin. The reason of this contrary is suggested because of the intrinsic variables 

contributed by the 6 mm base material. The substrate has been trimmed to 4 mm at the area to 

be welded. These intrinsic variables are surface roughness, cutting thickness inconsistency, 

contamination and heat dissipation. The presence of these variables effect the material 

friction coefficients thus affect the efficiency of material stirring.    

Nevertheless, based on their diagram in the published paper, a high amount of flashed can be 

seen. This suggests that high compression was present which is not reported, and also implies 

that the distance between shoulders may have been poorly controlled. Additionally, 

information regarding process setting such as the rigidity of the fixture and tool entry method 

was not defined. Our work has shown these are important factors and can materially 

influence the results. The type of machine is another factor which can potentially affect the 

weld quality results. This factor will be discussed later.  

5.4.3.3 Effects of flats on pin 

Our own studies offer interpretations of the different flow of the materials caused by different 

tool features. For the cylinder pin with flats, material was transferred from one location to 

another by a swept volume. This has been explained earlier in this chapter. Therefore, 

because a large amount of material was stirred and with sudden force increment due to the 

faster feed speed at the welding stage, the process force tended to break the tool. 
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Additionally, dynamic stresses (force fluctuation) that were also present due to the radius and 

flats surfaces on the pin, provided additional stress to the pin. By referring to other test results 

such as the SPB4STS5 and SPB4STS3 for a cylinder pin with flats, a comparable defect of 

incomplete weld and flash formation can be seen, similar to the cylinder pin tool. Thus, this 

proved that the role of flats is to transfer material in higher volume. Although high force was 

generated which increased tool breakage, it is nonetheless believed that the flat features play 

an important role in providing fresh material to the stir zone through faster movement of the 

plasticised substrate. Thus, the dynamic seal at the tool-material interface will not be 

weakened despite the higher temperatures.  

5.4.3.4 Flow around threaded pins 

In the case of the threaded pin, there is a vertical flow which, given the hand and direction of 

spindle rotation, pulled the material from the bottom side to the top side of the substrate. The 

upward trend minimised material losses at the tool entry, see Figure 5. 42. It is also suggested 

that the direction of the material flow pulled the substrate at the bottom plate of the retreating 

side, toward the top plate of the advancing side. This is based on observation of the knit lines 

(see Figure 5. 25) which have been discussed earlier, and also based on the pumping action of 

the screw. The pressure created by the threads was constrained within the dynamic seal and 

helped to prevent incomplete weld formation. Material was rotated towards the advancing 

direction. Figure 5. 43 illustrate the proposed threaded pin material flow.  

 

 

 

 

 

 

 

Figure 5. 42:  Tail formation at the entry stage. (a) Threaded pin. (b) Cylinder pin. 
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Figure 5. 43: A suggestion on the direction of the vertical flow introduced by threaded pin. 

 

However, the upward drift caused high volume of material to be pushed to the top side of the 

substrate. This clashed with the existing material at this location which had been stirred by 

the flange. As a consequence, the dynamic seal was disrupted and some materials were 

pushed away from here too, hence explaining the formation of flash at the retreating side. 

This condition increased the reactive force against the pin, thus the tool broke at the end of 

the welding stage. By referring to the spindle current usage, see Figure 5. 44, high stress 

which was experienced by the tool can be identified through the amount of current consumed. 

For the threaded pin, stable and higher current is observed compared to the cylinder pin 

which had wave current characteristics. Also, the stable current of threaded pin is believed to 

be due to the high temperature generated. This conclusion is supported by referring to the 

thermocouple measurement at T3 location (refer Figure 5. 7 (b)). In this study, it is found that 

threaded pin produce 10°C more heat compared to the cylinder pin. Thus, material is softened 

not only at the tool-substrate interface but also for some distance out into the substrate. As a 

result, similar characteristics of power supplied to the travel motor were noted for a dummy 

run when a threaded pin was used. This is obviously not the case for the cylinder pin. The 

reason is because less material being stirred and affected by the heat generation of a cylinder 

pin tool.  
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Figure 5. 44: Pin features comparison through a moving average plot of the current clamp meter. (a) Spindle 

current. (b) Travel current. 

Interestingly, when comparing the threaded pin run (A2B4TF1) and the cylindrical threaded 

pin with three flats run (A2B13S4) the spindle current usage is found to be comparable. 

Therefore, it is suggested that spindle current of 1.8A would appear to be in a region of good 

weld formation. With additional pin feature, high tool stress and flash formation can be 

eliminated, thus less energy is required to stir the materials.  

5.4.3.5 Flash production 

Throughout the studies, flash was found to be consistently produced at the retreating side, as 

opposed to the advancing side. As has been suggested earlier, this is due to the lateral thrust 

created by the tool rotation, which in all cases was in a clockwise direction viewed from 

above. This caused the transferred material to be squashed at the retreating side, creating an 

unfilled region at the advancing side. To minimising this defect it is necessary to introduce 

additional tool features. Therefore, both threads and flats features are essential features, but 

(a) 

(b) 
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the additional stresses that these create mean that the tool needs to be built from a strong 

material.  

Another surprising finding was the further trials conducted by using the only usable hardened 

tool, A2B13, on different thickness of parent materials. Two sets of parent material thickness 

were used namely the 3.5 mm - 4.5 mm linished material and the 6 mm as extruded material. 

This approach was taken because of the limited availability of the materials during the studies 

and also to check the repeatability when such condition was varied. In order to maintain the 

compression ratio by the shoulder, these materials were milled down beforehand. Thus a 

step-down wall was produced on the parent material which obviously for the 6 mm parent 

material.  

Comparing both weld formations, the weld produce on the linished parent material is as 

expected but not for the 6 mm milled-down material. An open tunnel was produced, and was 

continuously present along the weld. We attempted to remediate this based on the 

understanding that faster travel speed is able to eliminate the tunnel defect, so 1750 mm/min 

of welding speed was used.  Unfortunately, this approach was not successful either. Thus, it 

is proposed that the process is sensitive to the material surface conditions. Slight different in 

term of surface finish, size of the welding area and the form of the substrate will directly 

impact the weld formation.   Further testing is required using similar material surface 

conditions for better understanding of the tool features before such variations can be 

introduced to the process. 

5.4.3.6 Tool force 

As stated earlier, we suggest that the tool is prone to be located at the retreating side. Based 

on Figure 5. 45 a similar finding is observed although a full pin feature was used (A2B3). 

Comparing the measured forces to the other tool features such as cylinder pin with three flats 

(SPB4), the deflection is found to be smaller but akin to a cylinder pin tool (SPB2) run.  

The lack of rigidity of the force platform did not produce any drastic increment in the 

longitudinal and transverse forces as the pin features were changed. There was less fixture 

swaying at faster feed, which is attributed to a frequency effect. Additionally, the high force 

fluctuation which was seen with a cylinder pin with three flats, Figure 5. 16 was also absent 

for the full-featured pin. This is attributed to the presence of the threads which soothe the 
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impact of the flats, through better material circulation at higher heat. The soothing was not 

completely removed but the dynamic force fluctuation still present in a small degree. This 

can be clearly seen by ‘up and down’ trend of the X and Y forces. This slight deflection 

causing an incomplete weld formation which not present when rigid support was used. This 

means that stirring mechanism being sensitive to slight dynamic movement (rigidity). 

 

 

 

 

 

 

 

 

 

Figure 5. 45: Force measurement on a substrate of a full feature pin tool (A2B3).  

 

Individual axis forces were then plotted as depicted in Figure 5. 46. Using the individual 

force, we are able to agree with our explanation of the mechanics of tool-substrate 

engagement that has been stated earlier. The magnitude of the forces may not be accurate but, 

the trend and its characteristics will be similar. 

 

 

 

 

 

 

Figure 5. 46: Individual force plot. The position and direction (sign) of the individual force can be determine 

from subchapter 4.2. 
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1. Fresh material is supplied to the stirring zone from the front of the tool and at the 

advancing side. This is based on +60N of Y3 force and -90N of the X3 force. 

2.  High resistance arises at the front of the tool, causing the tool to be deflected to the 

direction of the substrate being feed.  

3. The negative high force at Y4 (-300N) and Y1 (-150N) is because the secondary 

sequences of the lateral deflection. This is identified through the positive force at X4 

(+500N) and X2 (+200N). This cause material being squashed at the retreating side. 

The X1 and Y2 record low force measurement is believed due to the position of the 

tool that is off the joint line towards retreating side and located at the retarded in its 

commanded locus.  

5.4.4 Interpretation of the findings 

Through the empirical approach it was shown that, the use of featureless pin tool is unlikely 

to produce sound welds. The successful welding tools used in the early work did by us [21] 

was not repeatable due to convertible variable is present. In current study better 

understanding is achieved. By introducing threaded feature on the pin, better mixing of 

substrate can be achieved which contribute to sound weld formation. This however creates 

high stress on the pin, to the point of breaking the tool. Also, flash will readily be generated 

as a consequence of migration of material towards the top shoulder area. Therefore a 

combination of features is required in order to contain the extreme individual effect for sound 

weld formation.  In term of scroll feature on the shoulder, the carrying mechanism is useful 

for delivering material towards the pin. However, the fabrication methods need to be in 

control for cutting small components because slight discrepancy can likely prevent good weld 

formation.   

Additionally, better understanding of how material flow around tool can be defined. It is a 

contribution of this study to identify the severity of deflection which commonly assume fix in 

modelling by other researched. Thus, the material flow is not just a simplex rotation of 

material around the tool but it is more complex than that. The tool is not statically at the 

centre of the abutting edges of two plates (for the case of butt joint) but dynamically stirring 

the material.    

It is now possible to use the insights gained from the tests to develop a better understanding 

of the mechanics of defect formation. The principles apply to the specific situation under 
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examination which was the difficult-to-weld situation of BFSW applied to thin plate 8082-

T6, but the principles are not material specific and may apply more widely.   

5.5 MACHINE VARIABILITY AND TOOL FIXATION 

5.5.1 Introduction 

Previous works only focused on the influence of a limited set of variables. The causal effect 

of parameters such as machines and tool holder has not been given attention.  This is 

important because most studies use specific hardware such as dedicated friction stir welding 

machine [28], milling machine [185] or even robotic [186]. These machines have their 

differences in terms of rigidity, clamping, induction motor characteristics, and controller 

strategy, but these are invariably taken for granted. Therefore, there are additional variables 

that affect the welding process, and which affect the transferability of settings from one 

situation to another, but no studies have explored these.  

Similarly the fixed gap bobbin tool that floats has not yet been studied. All of the researchers 

focus on bobbin tools that are controlled by an actuator for positioning and rotation,  known 

as ‘adaptive bobbin tool’ [24]. Other examples of such studies include Marie, et al. [28], and 

Sylva, et al. [120]. The success of this type of tool   has been shown for different grades of 

aluminium, thickness and conditions [15, 19]. However, the adaptive tool head involved 

specialised hardware that is costly. A simple approach is preferred so that the technology can 

be widely applied in industry. Although a simple version of floating tool based on the tight 

tool clearance between tool components had been successfully presented by TWI for thick 

material using a dedicated FSW machine, there is no literature on the feasibility of using a 

floating tapping tool holder on a CNC machine as a method of creating a floating tool, and 

especially not for a different welding regime like BFSW thin plate aluminium.  

Furthermore, previous studies were primarily for a single sided shoulder tool, rather than the 

bobbin friction stir welding, which is expected to have very different characteristics. There is 

no known research into characterising BFSW process variability. Although the underlying 

physics for the CFSW is applicable to BFSW, it is apparent that the additional shoulder 

affects the functional behaviour of the tool [21].  
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Previous work identified the effect of variability through mechanical forces that generated at 

the interface between tool and workpiece. For example, Chen and Kovacevic [130] had 

showed the spindle speed influences the mechanical forces. Slow rotation cause higher 

mechanical forces, while Assidi, et al. [187]  demonstrated in their investigations the impact 

of travel speed towards high Z and Y force formation. Meanwhile, Kumar, et al. [131] 

divided the process parameters according to their effects on the mechanical X and Y force 

generation. They mentioned that the Z force was most affected by tool diameter, rotation and 

welding speed and the Y force generation was influenced by welding speed, pin diameter and 

the interaction between tool diameter and rotation speed. Other works involving force 

measurement as the impact of the process parameters can be found in the work of Su, et al. 

[188] who calculated the mean of the X and Z forces from progression measurement when 

welding speed and rotation speed were varied, and Threadgill, et al. [18] who compared 

CFSW and BFSW. Figure 5. 47 shows the illustration of the axis of the forces.  

 

 

 

 

 

 

 

Figure 5. 47: Illustration for the axis of the forces. 

 

The literature generally expects that the magnitudes of these forces will correspond, in ways 

incompletely defined, by the welding process parameters. While this information is 

significant, the actual mechanics of the tool are complex, and not a simple constant-velocity 

progression in the Y axis as might first seem the case. The slenderness of the tool means that 

it moves in a dynamic way relative to the substrate, and various complex oscillations in the 

kinetics and kinematics may be observed. These dynamics arise from the interaction between 
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the tool, the substrate, and the plastic material flow that is stirred around the tool [180]. The 

resulting dynamic forces are propagated into the welding machine – this is usually a 

computer numerical control (CNC) machine of the milling-type configuration. Consequently, 

there can be an interaction between the dynamics of the welding process, and the control 

system of the CNC machine.  

A few studies have considered how the dynamic response of the tool might affect weld 

quality. For example, a bi-lobed polar plot has been used to visualise the dynamic response 

[41]. That study was focused mainly on tool features. The forces were captured by a 

specialised instrumented tool head. They reasoned that the highest strength weld 

corresponded to low angular rotation values of the maximum force and high ratios of 

maximum-to-minimum force on the tool. Polar plots were used by Balasubramanian, et al. 

[189] to represent resultant force.  In their study, tool feature was constant but the spindle 

speed and travel speed were varied.  They concluded that defect-free welds should be 

expected when the resultant force acts in the region between the trailing edge and advancing 

side. 

Others have adopted signal processing method, namely fast Fourier transform (FFT) to reveal 

any frequencies that are embedded in the periodic oscillation of the force signal [190]. This 

method has been used to characterise the trends for different tool run-out [191].  Imbalanced 

X and Y force magnitudes have been associated with greater tendency to produce voids in the 

weld [180]. These imbalanced magnitudes only occurred at low frequency, hence the study 

concluded that prevention thereof could reduce voids. The same research team,  Boldsaikhan, 

et al. [181] applied neural networks to the Fourier trends to predict good and bad welds, and 

correctly identified 95% of the testing set. The main trends identified were that bad welds had 

lowest frequency forces at high magnitude. 

Although there have been efforts to study these dynamic signals, there are still many areas 

that need to be covered. The dynamic measurement of motor current coupled with the 

extraction of trends therein, is uncommon in the FSW literature and a potential area to 

explore. This approached is applicably fast to set-up at low cost. In addition, drawbacks such 

as rigidity, inaccuracy in measurement through displacement of transducers besides the 

influence of welding temperature can be eliminated. 



CHAPTER 5: FACTORS THAT CAUSING VARIABILITY IN WELDING 

177 

 

Thus, there is a need to understand the dynamic engagement of the BFSW tool with the 

welding substrate. This dynamic engagement is evident in the time-varying forces and 

torques in the different axes, which in turn are consequence of processes (imperfectly 

understood) involving the way the tool grabs and releases plasticised weld material, the 

stiffness of the mechanical systems that hold the tool and the substrate, and the way the CNC 

control system interacts with the dynamic response. This is important for better 

understanding the reliability and welding reproducibility in FSW particularly for BFSW.  

5.5.2 Experimental design 

The purpose of this work was to assess the dynamic response of the BFSW processes for 

different machines and tool holder. We did not attempt a full factorial design, but rather 

selected key combinations of the variables. The analysis was done at the weld stage, which 

doesn't include the entry and exit period. The reason was to eliminate inconsistence signals 

related to material readiness (entry) and availability (exit) as well heat level.  

Process responses generated during the welding process were measured using a current (I) 

clamp meter which was attached at the input current of the spindle motor, refer to Figure 5. 

48. The hardware comprised a National Instrument (NI) data acquisition (DAQ) platform. 

Labview software was used and a Fast Fourier Transform (FFT) approached was adopted to 

study the signal trends. This was done in the Matlab 2013b environment.  

 

 

 

 

 

 

Figure 5. 48: Measurement of current using the current (I) clamp meter on a spindle input. (a) Clamp meter. (b) 

Workstation 
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Material of extruded plate AA6082-T6 with dimensions of 270 mm x 260 mm x 4 mm was 

friction stir welded in a butt joint configuration using a bobbin tool. The investigation was 

divided into two categories that are; machine and tool holder.  

Machine tool: Two different brands of CNC machine were tested. These were comparable in 

physical size, both were 3-axis CNC machines, but from different manufacturers. The 

machines were: (a) 1996 Okuma MX-45VAE with OSP 700M control unit and (b) 2000 

Richmond VMC 600 with Fanuc control unit. The Okuma machine had a 10 horsepower 

motor and the Richmond had 14 horsepower capability. 

Tool holder: The tool could be fixed in the spindle, or allowed to float vertically (in the axis 

of the spindle) with the application of the floating tool-holder. A floating collet as used for 

tapping threads was used in the latter case, this being a commonly available tool holder. It 

was expected that a floating tool would permit the tool to follow variations in plate thickness 

or thermal distortion in the vertical axis. The floating tool-holder had a vertical tolerance of 4 

mm and a down-force of about 14.5 N as well as fitting clearance of about 1 mm. It consisted 

of adapters for various sizes of tools. To take the advantage of the floating tool holder, plates 

at the entry position were tapered. The tool was then positioned between the plate thicknesses 

prior to welding. When the tool rotated and travelled, the tapered substrate aided self-

positioned of the tool.  The use of a commercially available floating-tool holder in the CNC 

machine market for FSW is believed to be a novel innovation because there is no mention of 

such an idea in the literature. Figure 5. 49 illustrate the tool holder. 

 

 

 

 

Figure 5. 49: Floating tapping collet chuck with bobbin tool 

 

For the welding parameters, preliminary the tests were done in the range of 800 rpm - 1000 

rpm spindle speed with 50 mm/min – 200 mm/min travel speed. For each of the welds there 

was a fixed entry parameter of 800 rpm spindle speed and 45 mm/min travel speed, causing 
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an entry region of about 30 mm. However, data collected in the entry phase were not used for 

the present analysis. The tools used were SPB1 and SPB4.  

5.5.3 Results and discussion 

The FFT represents the frequency of occurrence of various magnitudes of the measured 

variable (electrical current) produced as a response to the BFSW process. Three frequencies 

can be identified that were fundamental, harmonic and sub-harmonic. However, the 

magnitudes of these frequencies were found to depend strongly on the process parameters 

used in each case. The fundamental frequency (f) was the main frequency associated with the 

system. In this case it was identified as the rotation speed of the spindle. The harmonic 

frequencies were the major multiples of the fundamental frequency (x.f, where x is an 

integer) and the sub-harmonic frequencies were the frequencies below the fundamental 

frequency (y.f where y is the fractional number). Other low amplitude signals also blended 

into these frequencies, and these were intrinsic to the rotating motor.   

5.5.3.1 Machine sensitivity  

Figure 5. 50 depicts the responses of the current clamp meter measurement from the 3-axis 

CNC machines. Based on the amplitude plots, it can be seen that Richmond machine has an 

electrical control system with less sensitivity towards changes of the process loading, besides 

having a slight peak of low frequency at high travel speed. The fundamental frequency of the 

Richmond machine was comparable in both settings. 



CHAPTER 5: FACTORS THAT CAUSING VARIABILITY IN WELDING 

180 

 

 

Figure 5. 50: Machine variability current (I) response; both runs on rigidly supported substrate and SPB1 tool.  

 

On the other hand, the Okuma machine showed lower frequency signals for both settings. 

This included the presence of sub-harmonic frequencies at 1/3, 1/2 and 2/3 of the 

fundamental signal. This implies that the system has low impedance. This can be the result of 

motor efficiency or the electrical components, see Perez [192]. In general, by assuming 

constant voltage supplied to the system and with a low impedance condition, the current input 

will rise. Low frequencies, especially sub-harmonic frequencies, are known to affect the 

stability of electronic components, hence can affect the machine stability.  This is based on 

the Jaber, et al. [193] investigation whereby they found that when sub-harmonic frequency 

present, the stability of the motor will be jeopardised by decreasing torque and motor speed. 

This is also consistent with Arbegast [180] and Boldsaikhan, et al. [181] where bad welds 

were associated with  increased amplitude of low frequencies.   

The welds produced by both machines ranged were mainly of the partial joint type, where the 

cross section is not entirely solid with weld material. This is characterised by a longitudinal 

tunnel defect.  This was not entirely unexpected given the known difficulty of welding thin 

plate 8082-T6. However, this does not explain why the Richmond machine, which did not 
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produce low frequencies, should also have poor welding. Nevertheless, the work shows that 

the different machines generated different signal responses for the BFSW process. The reason 

for bad welding is believed to be combinations of other process parameters, i.e. variability in 

tool features, travel speed and tool holder. The interaction of these factors is particularly 

complex for thin material Sued, et al. [21]. This makes the process challenging to identify the 

significant parameters affecting the process. Based on these responses, it would appear that in 

marginal welding situations the machine variable has less to do with the physical size of the 

machines or the power of their drives, but the nature of the electronic control systems, 

particularly how the electrical system responds to dynamic changes of the load during 

welding. This potentially alters material flows within the weld, which can cause variability in 

weld. This will be discussed later. 

5.5.3.2 Tool holder: fixed versus floating 

A floating tool holder was used in the FSW for the advantages of easing tool positioning and 

for continuous contact with the substrate. The Okuma machine was selected for further 

investigation as its electrical components had been shown to be more sensitive towards the 

changes of process loading. Based on the FFT of the current response, there is no clear 

difference between floating and fixed tool, refer to Figure 5. 51. Both had noticeable low 

frequency bins, but the low frequency magnitudes were slightly higher for the fixed tool. This 

marginal difference can also be seen in the current consumed by the motor. The fixed tool 

used a mean current of 8.32 + 0.44 A while the floating tool consumed about 7.98 + 0.37 A.  
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Figure 5. 51: The response of float and fixed tool holder of Okuma machine with rigid support. The tool used is 

SPB4. 

 

The higher current consumed on the fixed tool holder indicates that the controller was 

experiencing higher resistance from the tool. Two causes are anticipated. The first is that the 

fixed tool could not follow the natural variations in the top and bottom plate surfaces – these 

variations arise due to the thermo-mechanical stresses during the welding process itself, even 

if the plate itself is initially flat. The second is that the fixed tool has less mechanical 

compliance in its interaction with the substrate. Tool deflection is constrained; consequently, 

forced to have constant contact with harder material on the advancing side and front material 

as it travels forward. This is consistent with the observation of Fonda, et al. [194] of an ‘off-

cantered’ tool, and also by Lorrain, et al. [195].  This condition is proposed as the mechanism 

that increases the forces and the demand for electrical power.   

An interesting finding was observed when the tool was travelling at low feed of 50 mm/min. 

Given that the spindle speed  is constant (800 rpm) one would intuitively expect that slower 

feed rates would be associated with more heating, less force on the tool, and more time to 

dissipate internal stresses,  and hence a smoother locus. However this is not the case. The 

FFT response is shown in Figure 5. 52. It can be clearly seen that the fixed tool produced 

significantly more sub-harmonic frequencies besides greater amplitude of the fundamental 

frequency compared to the floating tool. During the fixed tool run, the CNC table was visibly 

observed to be driven in a jerking motion, and the welded plate was subjected to noticeable Y 
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axis (longitudinal) deflections. In addition, the operating noise and vibration was noticeably 

greater, though these were not quantified. However, these effects were absent when the 

floating tool was used. Based on mean current measurement, the fixed tool has a high mean 

current of 6.54 + 0.86 A and the floating tool consumes much lower current of 1.59+ 0.21 A. 

 

Figure 5. 52: Welding at 50 mm/min. (a) Fixed tool holder. (b) Floating tool holder. Both run on rigidly 

supported substrate. The tool used is SPB4. 

 

The finding can be explained through current consumption.  This is because current supplied 

to the motor is dependent on the demand. This demand is determined by speed and the load. 

The closed-loop control of the CNC machine will attempt to deliver a constant speed. In the 

case of FSW at low feed rate, only a small amount of current is required for the table, but the 

welding process led to sudden increases and changeable current demand. The increment was 

also because of the tool features used (explained later). To compensate, the CNC control has 

to adjust the current to overcome the friction as well as maintain the feed rate. The controller 

increases the current to break the barrier and get the table moving. That also overcomes the 

tool sticking, and hence the tool forces reduce, requiring a sudden reduction in the current to 

maintain the feed rate. Hence the jerking motion evident in the y axis deflection of the tool.  

In FSW there is a significant mechanical load-bearing path between the CNC table, via the 

welded substrate and tool, to the spindle motor. In conventional milling the exit of swarf and 

chip fragments releases stress, but that escape is unavailable in FSW. Therefore, any changes 

at the level of the table in FSW will affect the spindle motor as well, refer Figure 5. 53. Thus, 

although the FFT plot was not measured at the table drive unit, the impact of low feed at high 
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process load can be characterised from the spindle motor current.  This is consistent with 

Brendel and Schneider [190] who noted that process adjustment could be seen in spindle 

motor trends.   

 

Figure 5. 53: The connection of the welding components 

 

The reason the floating tool had a much lower effect on the amplification of the feeding 

current is attributed to the fitting clearance. The fitting clearance provides allowances to the 

tool motion so that the tool was not directly forced to continuously stir an amount of hard 

material, refer Figure 5. 54. The clearance gives some degree of freedom (DOF) to the tool, 

hence reduced the stress generated at the tool interface and imposes fewer loads on the 

electrical components. However the DOF also introduced higher tool deflection out of 

alignment, which puts the tool shoulders (which are a light interference fit with the substrate) 

into a geometrical misalignment with the substrate. This induced secondary stresses and 

altered the material flow in other ways.  The proposed transportation mechanism will be 

explained later. Figure 5. 55 represents the effect of tool motion altering the material 

transportation. It can be clearly seen from the weld width, whereby the floating tool holder 

produced slightly wider weld width than the fixed tool holder. The evidence of deep lurches 

was also present on the surface of the weld, which is related to the deflection of the tool. 
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Figure 5. 54: Illustration of the cross-section view: (a) fixed tool holder (b) floating tool holder. The image was 

exaggerated for effect. 

 

 

 

 

 

 

 

Figure 5. 55: Weld width. (a) Fixed tool holder (b) Floating Tool holder. Both welded using Okuma machine 

spindle speed of 800rpm and travel feed of 50 mm/min. 

 

On one hand, the DOF is a good feature to prevent high load on the machines, but on the 

other it means it interferes with the production of a good weld. Presentable welds were only 

recorded at low feed rate, but at high feed rate a continuous tunnel defect was observed, and a 

more extensive rind of flash was produced. The reason relates to the tool positioning as 

illustrated in Figure 5. 56.  

The process details are anticipated as follows, for the unsuccessful welds using a floating 

tool: 

(a) (b) 
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i. Travel force (Fa) in the y axis is invariable higher than the spring force associated 

with the tool floating force (Fk) in the z axis; Fa> Fk. Although the tool was 

positioned between the floating tolerances, the spring force, Fk pushes the tool 

downward. As the tool starts to enter the substrate, the tool is unable to slide upward 

for repositioning. As a result, the tool shoulders end up being misaligned to the 

surfaces of the weld substrate, causing excessive flash to be produced at the top 

surface of the substrate. 

 

ii. When the tool travels at high speed, the tool tilts backward as a result of the forward 

feed force (Fa). The tilted angle is large due to the presence of the clearance 

allowance (for floating tool holder). There is also an intrinsic deflection of the tool 

itself, especially for thin pins. As a result, the edge of the tool shoulder digs into the 

material: on the upper surface the leading edge digs in, and on the lower surface the 

trailing edge. This increases the amount of flash generated, as ejected from the 

excessive interference. This is not the case at low feed, where the tool is better able to 

move the weld substrate material out the way, and hence deflects less. It is suggested 

that the effects seen is dependent on the severity of the misalignment.  

 

 

 

 

 

 

 

Figure 5. 56: Side view of the floating tool holder. (a) Self-position; Fa>Fk (b) Tilted. 

(a) (b) 
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5.5.4 Interpretation of the findings 

5.5.4.1 Interaction of tool features and machine control 

The work has shown the electrical characteristics of the spindle current.  The demand 

spectrum is related to the process load, which in turn also depends on the setup parameters. 

Different CNC machines were shown to have very different electrical characteristics, and 

these affect the repeatability of the welding process. Hence it is not surprising that a wide 

range of welding parameters has been suggested in the literature, but it is not clear that 

machine characteristics have generally been taken into account. For example, for a similar 

material at a similar thickness Colligan, et al. [121] produced sound welds at higher feed rates 

than other researchers. Additionally,  Liu, et al. [122] managed to produce sound welds at 

different process settings using a featureless tool – this is challenging to achieve and has not 

been replicated. Both these cases suggest that other variables, such as the machine and 

fixation specific parameters identified here, are acting as covert variables. Thus we identify 

machine electrical characteristics as well as tool fixation as an important production variable 

for friction stir welding 

In addition, the reason for the contrary results is proposed to be the tool condition, tool design 

and process parameters. The tool used can have sharp edges and although this has been 

modified, but it was removed manually which potentially still present. The tool used for this 

work has small diameter pin that is 6 mm diameter. It has been found later that tool deflection 

is present thus a wider tool diameter such as 8 mm introduce better stiffness to the  tool 

structure. The used of 50 mm/min – 200 mm/min of feed rate is found later not suitable. A 

faster feed rate of 1500 mm/min is required thus a bigger size tool is required to withstand the 

generated force. All these factors thereby impeding the material transportation flow around 

the pin.   

An interesting trend was found at 0% interference fit of a featureless tool, and for 3.75% 

interference fit of a tool with three flat features on the pin. It appears that the presence of the 

sub- harmonic frequency is related to the tool motion affected by the interaction of tool 

features and machine control. The effect of sub-harmonic frequency in the CNC machine will 

be explained later. The reasons for this conclusion are: 
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i. The flat features create a dynamic swept volume of material hence material is transported 

in discrete lots. To stir a volume of material, high energy is required, which is contrary to 

the usual CNC control strategy of low current applied for low feed rate. As explained 

above, the CNC closed loop monitoring mechanism increases the current to overcome 

the resistance, but then needs to reduce it quickly to meet the set feed rate.  This causes 

jerking motions which further influence the longitudinal deflection of the tool. However, 

this behaviour was only seen for the fixed tool holder. As discussed earlier, the floating 

tool introduced additional degrees of freedom for the tool to release the strain developed 

in the system.  

 

ii. The interference between the tool and substrate causes grabbing of the material by the 

shoulders, and hence also heat generation [143]. The importance of shoulder gap in 

bobbin tools has previously been identified [123, 149].  With less interference, so less 

material is seized, hence the tool deflects less. Correspondingly, a greater interference 

between shoulders and substrate causes higher frictional forces at the leading face, which 

pulls the tool laterally towards the advancing side. Referring to the 0% interference and 

featureless tool the process has poor material transportation and heat generated.  The heat 

generation is known to be increased by greater interference (BFSW) [123], and reduced 

when using featureless tools (CFSW) [3, 39]. This deficiency, coupled with less gripping 

by the shoulders, appears to exacerbate the lateral deflection of the tool. The controller 

had to adjust the current appropriately in order to drive the tool through the material.  

5.5.4.2 The effect of the frequency resonance 

Electrical devices or rotating machineries are prone to have frequency resonance at harmonic 

and sub-harmonic frequencies [192, 196]. CNC machines differ in their ability to 

accommodate or damp this signal in the circuit. In situations where the weld process is 

operating within a wide process-window of stability, the electrical capabilities of the system 

may not be important. However for difficult-to-weld situations like that encountered here, the 

electro-mechanical interaction causes amplified and excited sub-harmonics, with disastrous 

consequences for weld quality. A similar conclusion was reached by Bai, et al. [197] who 

associated sub-harmonic frequencies with noise and vibration. 
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The Richmond machine was able to handle the instability produced at the welding interface. 

However, this was not the case for the Okuma machine. Besides that, noise and vibration 

were also present, especially at low feed rate. It is believed that in this condition the material 

flow is being altered due to machine-induced jerking motion. Therefore, the quality of the 

weld is affected.  

Based on the findings, it is proposed that the ‘stick-slip’ motion is subject to two conditions: 

(1) tool engagement [123], and (2) machine induced.  In this case the effect was clearly 

observed under low feed rate, however, this is generally only relevant to the entry stage of the 

BFSW process.   Nevertheless, slip-stick is known to be involved in material transportation in 

FSW, as has been shown by mathematical modelling [143]. However the highly variable type 

of slip-stick motion observed here is likely to interfere with those transport mechanisms, i.e. 

the machine control indirectly affects the material transport within the weld.  

5.6 OTHER FACTORS 

Besides the main factors explained above, it is also interesting to note the other insights 

gained from the early test plans. These factors are clamping arrangement, different material, 

temper off substrate, dissimilar alloy and insulated support. The trials are not comprehensive 

but some useful implications emerge.  

The main findings are as follow: 

Clamping arrangement 

i. The boundary of the heat-affects-zone at the unsupported area are difficult to define 

when welding was performed.  This is because of natural heat dissipation at the 

unsupported location. 

ii. At the unsupported area, the vibration and weak point at the stirring zone cause a 

cutting effect to be produced. This is explained as vibration disrupting the 

solidification process.  

iii. Tool with flats are able to produce a sound weld. This is contradicted with subsequent 

findings. This means the process is sensitive to variations which can mislead the 

findings.   

Further explanations about this setup have been published in [21]. 
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Different materials properties 

i. Using phase 1 tool (TB07) to weld Al2024 the work is not successful which breaks 

the tool. The reason is due to the parent material being thicker than the tool gap. 

Although the material had been skimmed but tool gap setting and material surface 

causes variability in the welding. Additionally, Al2024 has lower thermal 

conductivity and harder compared to Al6082-T6 therefore, slower spindle and travel 

speed is advisable. 

The example of the run can be referred to TB07Al2024 in the database.  

i. For the Al5052 trial, heat dissipation of this material is also low but softer than 

Al2024 and Al6082-T6. Therefore low spindle speed but comparable travel speed to 

Al6082-T6 can be used.  

For the Al5052 run, the example can be found in SPB4Al5052-1, SPB2Al5052-1 and 

A2B4Al5052-1 of the database.  

Softer material 

i. Materials that were excessively high in hardness were softened in a furnace. The 

resulting welds had similar characteristics to the T6 control group which include 

reproduction of incomplete weld formation in similar settings. The advantage to weld 

softer Al6082 material will be less energy used. Additionally, this softer material has 

better resistance to breakage at the weld area when subjected to a bend test. 

Nevertheless, with high ductility, the material has low strength as expected.  

A2B1301 and A2B902 are the welded plates of the soft material. 

Welding direction 

i. In industrial application, components are welded in any direction relative to plate 

extrusion. It will be difficult to have one welding direction. In our work, we found 

that welding conducted in different directions relative to the plate extrusion produced 

different weld strength. Welding along the plate extrusion direction had better weld 

properties compared to across the extrusion. Although the differences were only 7 – 
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8% it may still be a significant contribution to a stronger weld. Nevertheless, in this 

thesis the empirical work were done across the extrusion direction. 

The welded plate of the welding along the extrusion direction is A2B3ALG2. 

Dissimilar alloy 

i. Harder material located at the advancing side, will support the tool deflection theory 

as suggested earlier. This means the tool will be more in the soft material region of 

the retreating side. If opposite position is applied, tool deflection will be restraint 

which potentially breaks the tool. Therefore, for the success in joining dissimilar 

material, especially for hard material, stiff tool with high strength characteristic is 

important. Additionally, in Xue, et al. [198] work, the pin tool is offset towards harder 

material which located at the advancing side prior welding. Based on our theory, the 

success of their weld is because of the balance contact at the advancing and retreating 

side of the pin can be introduced. Similar material on both sides of the pin minimised 

tool deflection.   

The A2B13C1 and A2B13C2 are the plates that subjected to Al6082-T6 – copper joint. 

Thermal insulation support 

i. This approached is believed usable when dealing with harder material or when heat 

dissipation is an issue. To reduce the amount of heat transfer to the fixture 

arrangement, material such as Formica can be used. In a condition whereby heat 

dissipation being minimised, faster feed rate can be applied. 

SPB2FM1 and SPB2FM3 are the example of the runs. 
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CHAPTER 6 

ESTABLISHING RELATIONSHIPS 

BETWEEN PROCESS VARIABLES AND 

WELD FORMATION. 

 

6.1 MATERIAL TRANSPORTATION AND WELD DEFECT 

FORMATION 

It is noted that most of the previous studies have reported the welding defects and the 

positions thereof. An example can be found in [199]. Studies also included defect formation 

prediction based on material flow using numerical simulation, as recently summarised in 

[200]. However, the focus commonly has been based on a simplified cross-section and 

assumptions about the amount of stress formed around the pin. Additionally, the studies have 

been focused in CFSW and the discussion based on rigid tool stirring mechanics.  

Therefore, in this section the challenges faced during the studies in producing sound welds 

are turned around to explain the process of defect formation and its relationship with tool 

features and welding process setup. The main defects are open tunnel\void and flash. It is 

found that open tunnel is commonly seen at the bottom of the advancing side while flash is 

formed at the retreating side. Although the defect is different in characteristics, the 

mechanism is proposed to be related. The proposed causal sequence of the material 

transportation can be divided into two main criteria that are; material flow around the pin and 

in-plane dynamic material flow.  

6.1.1 Material transport around the pin. 

For the tool entry from the edge of the substrate, materials are being deposited outside the 

plate, which is not the case of the tool entry from a guided hole. The loss of material causes a 

void to occur (material deficit inside the stirring zone), by conservation of mass flow. The 

void preferentially forms at the bottom surface on the advancing side. The causes of this 
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phenomenon have not previously been identified in the literature, but we believe it can be 

explained as follows.  

The clockwise tool rotation which is the case of this study and fixed vertical position of the 

tool prevent the tool moving down. Instead the presence of thread on a pin pulls the substrate 

upward. Therefore, material is swept in from the retreating side (backside of the tool), meets 

the fresh material of the advancing side and a complex mixing pattern emerges, see Figure 6. 

1 (a).  The retreating side (A in the figure) is pumped vertically upwards towards advancing 

side. Thus the upper location of the advancing side (B) is filled first. This is also enhanced by 

the pitch size [201] of the threads which influence the velocity transportation of the material. 

Finer pitch of threads will have less helix angle, hence less vertical transportation and thus 

better filling at the deficit area (C). Additionally, smaller pitch introduces better velocity to 

pack the material towards the retreating side.  

When filling is deficit then a tunnel is produced at the bottom of the advancing side (C). 

More fresh material will be required in the stirring zone, thus faster feed rate is advisable, see 

Figure 6. 1 (b). However increasing the spindle speed is not helpful as it introduces more heat 

to the same swept volume thereby reducing the dynamic seal and allowing escape of material. 

By increasing the feed rate more fresh material is entering the stirring zone, which starts to 

fill the void and eventually creates a defect free weld. Fast feed rate maintains the material 

friction coefficient thus efficient adhesion of material to the pin and its transportation and 

release on the advancing side.  

This is consistent with the empirical results, whereby the cross-section clearly identifies that 

the flow has turbulent-like features at the advancing side and especially towards the bottom 

and around the tunnel defect. There is clear evidence of knit lines, and the void is associated 

with these. These features are not necessarily turbulence in the strict fluid-mechanics sense. 

Instead that the turbulence appears to be caused by material cooling and becoming stiffer. 

This can be explained as due to the tool deflection that will be explained under in-plane 

material transportation.  
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Figure 6. 1: Material Flow around the pin threaded pin. (a) Superimposed image. (b) 3D visualisation. 

 

(a) 

(b) 
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6.1.2 In-plane dynamic material flow 

Referring to Figure 6. 2, at the start of the tool rotation, the material at the advancing side is 

grabbed and transported to the retreating side. However, as the tool enters the substrate, the 

pin is deflected towards the substrate travel direction (i.e. backwards in its locus) and the 

bottom shoulder follows. The reason is harder material at the front of the tool compared to 

the back of the tool. The top shoulder experiences a small tilt angle opposite to the travel 

direction, i.e. the forward edge digs in. Hence, sharp tool edges such as the concave feature 

(e.g. SPB2) are not preferred. The reason is the sharp edge of the shoulder will dig into the 

material forming flash. Any material lost as flash becomes a mass-deficit and potentially 

contributes to tunnel-void formation. 

Then, hard material at the advancing side and the tool rotation direction (clockwise from the 

top in our situation) causes the pin to be deflected towards the retreating side. This is because 

the tangential speed of the tool-tip relative to the substrate is higher on the advancing side 

(due to the combination of forward feed and rotation) than the retreating side. Consequently 

the tool experiences greater resistance on the advancing side and tends to evade this by 

deflecting away from that side. This lateral push causes the transported material to be 

compressed at the retreating side, which can exceed the dynamic seal of the shoulders, and 

this explains why flash is observed to form preferentially at the retreating side. This causes 

material loss, hence potential defect of tunnel/void and incomplete weld at the advancing 

side. 

The amount of material swept by the tool is depending on the tool features. With the presence 

of the flat on pin such as the A2B13 tool, material is transferred in larger volumes, compared 

to a smooth pin.  

The tool will permanently offset behind its locus and laterally position more towards the 

retreating side. The stirring continues whereby material is moved from the retreating side 

(backside of the tool) and deposited against the advancing side wall. The tool is moving 

forward as well as the material. Due to the deflected position of the tool, the material needs to 

be pumped at high velocity, otherwise a deficit in the material flow will occur and hence a 
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defect. It is suggested that the travel distance causes the material to cool and become stiffer 

hence the turbulent-like flow is seen in the advancing side, and this can indicate a weak joint. 

In the CFSW study of Cao and Jahazi [202] it was stated that porosity is formed because of 

insufficient of material and lack of mixing due to low heat input. But our studies show a 

different explanation of the evolution of the tunnel defect from open channel to an internal 

tunnel and it’s eventually closure. Therefore, it can be stated that the open tunnel/void is 

formed in BFSW because of shortage of material due to entry method and tool deflection. 

This can be overcome through finer thread pitch at a faster feed rate. Additionally, a stiffer 

tool development and a rigid system is required, hence setup and fixation is another variable 

in defect formation. This explanation is new and has not been explicitly identified in the 

previous literature.  

The effect of tool deflection is a complex dynamic interaction between machine-tool-

substrate which affects material flow. For a robust and rigid system the effect will not 

necessarily be noticed. In the case of the floating tool holder which has been discussed 

earlier, the impact can be clearly seen (refer to Figure 5. 55). This means that material 

transportation is dependent on the rigidity of the system. An extra degree of freedom of the 

floating tool for fitting tolerance increases the weld width as observed from the top. The 

fitting and fixation variables are therefore identified as important to control for repeatability 

and reproducibility of the welding process.  
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Figure 6. 2: In-plane material transportation by the pin. 
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6.2 TOWARDS AN INTEGRATIVE MODEL  

The insights gained in this study can be represented as a set of causal relationships for the 

process. We use the integration definition zero notation (IDEF0) approach. This is a 

graphically model which originates from the production engineering method and is used 

in systems engineering. In this model, the box describes an activity or a function that 

occurred, whereas the line describes an object that communicates the activity. An activity 

can begin autonomously and multiple activities can be simultaneously active. The model 

can be in layers and show complex interactions. Lines do not represent sequence of 

activities as in the conventional flowchart. The main objects in this model are inputs, 

controls, outputs and mechanisms, and these are differentiated by position relative to the 

box  [203].  

Therefore this is a particularly relevant way of representing the causality of sound (and 

failed) welds. Figure 6. 3 shows the starting point of the BFSW causality model which 

include the six main activities that are proposed to affect the weld quality. In this model 

the process setting (1) and tool features (2) affect the mechanical engagement of the tool 

with the substrate (3). In turn this generates heat (4) which further assists the flow of 

material (5).  The mixing results in mechanical bonding (6) and ultimately the weld 

quality (or lack thereof) that we found.   These six main activities are connected to 

objects which describe attributes of the activities. This starting model is then extended to 

integrate the results of the studies. The findings are highlighted using similar coloured 

boxes or symbols see Figure 6. 4. 



CHAPTER 6: ESTABLISHING RELATIONSHIP BETWEEN PROCESS 

VARIABILITY AND WELD FORMATION 

199 

 

 

 

Figure 6. 3: Simplified causality model of bobbin friction stir welding.  

 

This method is useful for practitioners as a guideline to explain weld repeatability issues 

as well as to optimise weld process.  It is also helpful in consolidating the research body 

of knowledge and directing future research efforts, as will be stated in the later chapter. 
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Figure 6. 4: Extended causality model for BFSW. This diagram identifies the findings gained from the studies that have been explained in earlier chapter.
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CHAPTER 7 

DISCUSSION  

 

7.1 FINDINGS 

In terms of variables, the major findings are grabbing role by the shoulders, the rigidity 

of the clamping, the relationship between spindle speed and the size (width) of the plates, 

tool entry as a factor of material deficit, the role of feeding speed and pitch threads in 

eliminating tunnel formation, the discrepancy in scroll feature fabrication, tool deflection, 

and machine controller strategy. These factors directly affect the weld formation through 

action-reaction which disturbs the material transportation. The details of how these 

variables contribute are summarised below.   

Shoulder gap: Compression generated by the fitting between the upper and bottom 

shoulders of bobbin tool towards the substrate is an important element for tool-substrate 

engagement. The magnitudes and directions of forces were observed to change when the 

degree of interference increases. At low interference, the contact between tool shoulder 

and substrate is minimised. This causes low temperature generation and high force 

fluctuation which increase the torque. Flash is minimally produced as there is less tool-

substrate resistance. The material stirring is more by the pin. This is the smallest area of 

the tool. The material grabbing is affected by the equilibrium of the deflected position 

which is in the lateral direction hence the outcome is negative force on the longitudinal 

direction of the substrate. However, at high interface more tool-substrate interaction 

occurs. This causes increase of welding temperature as well as torque. The tool was 

pulled into engagement with the substrate materials, which significantly changed the 

direction of the measured force in the longitudinal direction of the substrate. 

Additionally, because of the tight fit of the area there can be more material slipping than 

gripping.  

Clamping rigidity: Slight movement of the substrate or any part of the system can alter 

the efficiency of the stirring mechanism hence, can introduce variability into the findings. 
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Additionally, as a consequence of action-reaction process parameters such as spindle and 

travel speed will be different in each case although similar material is used. As a result 

the operating window is affected.  This indirectly affects the economics of the process 

causing the implementation of thin-plate BFSW technology in industry to be challenging.  

Spindle and travel speed: Tool rotation is generally the cause of heat input, which 

reduced at faster linear travel speed. Focus on heat input requirement commonly deals 

with different materials and thickness which should also be considered in dealing with 

different width of material. Additionally, it is found that fast travel speed is important for 

feeding fresh material into the stirring zone. This is significantly important when 

materials were lost at the entry stage. In term of current utilisation, a stable process is 

characterised by high current of spindle motor and low current of travel motor. This 

means that the tool is continuously stirring the material and that there is a consistent 

supply of material. This has the potential to be used as a real-time quality metric.  

Tool features: The method of tool fabrication and its features effect the weld formation. 

The tool should be able to retain its geometry characteristics during the welding thus 

tight fit tool assembly is necessary. In term of fabrication of features, cutting methods 

that can cause sharp features are not preferred. The reason is because cutting or digging 

effect causing flash formation which deficit the availability of material to be stirred. 

Additionally, tool size selected should be able to produce enough heat and withstand the 

forces generated. The generalisation of tool size in CFSW is not transferrable to BFSW 

because the process setting is not exactly similar.  Besides that, selection of tool features 

is dependent on the system. In terms of rigid structure, full feature pin enables the 

combination of tool effects, which can eliminate the extreme effect of a single feature.  

Machine: It has been shown that machine-type is a variable that needs to be given 

attention in the selection of FSM process parameters.  Different manufacturers use 

different approaches to electrical control, and these affect the quality of the weld.  As 

shown above, when welding was done at a low feed rate, jerking motion tends to be 

produced. This motion alters the slip-stick interaction between tool and substrate and 

interferes with the welding process.  A rigid system will transfer the instability of the 

working interface to the machine, hence more demand on the control system to make 

frequent adjustments, as evident in current monitoring of the spindle motor.  
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Tool holder: The Friction tool should be firmly held by the system to minimise 

deflection. Although deflection might seem a useful mechanism for releasing the process 

stresses, it has negative consequences as it introduces tool positioning problems. Besides 

that, the clearance allowance that is associated with the CNC floating tool holder 

influences the material transportation within the weld. At low feed, the tool can use this 

as an advantage, but at high speed the problem with tool positioning overcomes this 

advantage, resulting in unacceptable welds.   

The effect of the variables resulted in a new way of understanding material 

transportation. This is also because for BFSW the tool (pin) is fully penetrated into the 

substrate. The welding process does not involve the plunge force and tilted angle of 

CFSW. Therefore, high percentage of material mixing is contributed by the pin in 

BFSW. A flat feature on the pin will transfer substrate in volume and the threads provide 

the vertical mixing which is ‘upward’. On their own, these features could not support 

good weld formation. Defects such as excessive flash will be formed dependent on the 

stiffness of the system. Nevertheless, some degree of tool deflection can be present. It is 

found that the tool is not located at it’s commanded locus but is instead is slightly behind 

and at the retreating side. Inside the weld, the materials that are transferred from the 

retreating side towards advancing side will need to have high velocity. This can be 

achieved by a threaded pin with small pitch angle that not only transfers material but, 

also can reduce the possibility of tunnel formation at the bottom of the advancing side. 

Steep pitch on the thread extracts material from the lower surface and promotes a tunnel 

void. Nevertheless, material transportation will depend on the dynamic seal which in turn 

is reliant on the sticking\sliding behaviour of the materials.  

The details of these processes have been described in Chapter 5. Additionally, this has 

been represented in the IDEF0 models which graphically present the causality. Therein 

lies the opportunity for future research and expand it to other situations.  
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7.2 CRITICAL FACTORS FOR SUCCESSFUL WELDS- 

IMPLICATIONS FOR PRACTITIONERS  

7.2.1 Implication for engineering practice 

The BFSW is an attractive process because of its advantages over CFSW in terms of 

defects and process setup. On the other hand, thin plate aluminium and the Al6082-T6 

materials provide challenges to the conventional metallurgical studies. Therefore, for 

industry to successfully adopting this technology there is several considerations to be 

taken into account. 

i. A rigid system is required for a repeatable process. Stiffness compliance causes 

unhealthy alteration to the material transportation. Although the process clamping 

setup is less demanding compared to CFSW but for a portable or in-situ BFSW 

process this compliance need to be addressed.   

ii. Sharp finish in fabricated tool should be prevented on the features such as at the 

shoulder edges and the scrolls. This is because cutting or digging effect will be 

introduced. 

iii. The tools should be able to retain its shoulder gap and not open. This is an important 

parameter for material grabbing and heat generation. 

iv. Tool run-in from the edge of the substrate for the entry is not advisable because of 

the potential of materials loss.  Therefore, guided hole entry may be superior. 

v. In the case of material lost during welding, faster feed rate is advisable. Additionally, 

faster feed rate is useful for preventing jerking motion introduce by the machine 

system.  

7.2.2 Recommended process settings 

This work permits specific recommendations to be made for successful welding of 

Al6082-T6. First, rigid clamping of the tool and substrate is required. For thin plate 

aluminium, especially Al6082-T6, a spindle speed of 800rpm and a feed rate of >1500 

mm/min are advisable. However, tool strength is essential in preventing tool breakage at 

this speed. Therefore, tool properties equal or better than hardened H13 tool steel are 

recommended. The dimension of the tool should be built at least with an 8 mm pin 

diameter and 16 mm of shoulder diameter. For the tool features, cylindrical threaded pin 
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with 3 flats with spiral and tapered shoulder is required. Sharp edges of the tool features 

should be prevented.  The shoulder interference should be about 3.75% of shoulder 

compression, i.e. the gap between the shoulders should be smaller than the thickness of 

the substrate. Consider using hole- rather than edge-entry for the tool, to prevent loss of 

material.  

7.2.3 Evaluation of the INCAT machine 

Based on the knowledge gained through this work, it is now possible to identify why 

there were so many problems with the INCAT machine. The main functional components 

for performing BFSW were available: travel motor, spindle motor, clamping, etc. 

However the engineering design thereof was the main fault. In particular the machine had 

very poor dynamic interaction between the machine-tool and substrate. This was caused 

by rubber rollers, lack of clamping mechanism on the substrate, steel chain, shop floor 

steel bar on the guide rails, and manual height adjustment of the tool. Also, the carriage 

was not fully constrained to move only in the travel direction, but could instead move 

laterally, rotate in pitch, roll, and yaw. These structures caused vibration and severe 

deflections, which contributed to undesirable material flow, and stalling. Excessive 

backlash from the mechanical or electrical components was a problem. This contributed 

to jamming situations, and higher rate of component wear and component breakage. The 

machine was also under-designed regarding torque. Later studies in this project showed 

that 4 mm Al6062-T6 substrate can be welded with a torque of about 20 Nm, and 

allowing for overload situations a practical machine would therefore need about 60 Nm.  

However the INCAT did not have this capability, hence many machine breakdowns. 

The machine had only a simple open-loop control without closed-loop feedback control 

over speed or position. Consequently any optimised parameters that might have been 

found with this machine would have been highly unlikely to have been transferrable to 

other situations such as CNC or industrial welding machines.   

7.3 ORIGINAL CONTRIBUTIONS 

This study has made several original contributions to the body of knowledge.  

First is the identification of previously hidden variables that effect weld formation for the 

fixed gap BFSW process. These new variables are rigidity of substrate fixation, rigidity 
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of tool, machine differences (control strategy).  The roles of the variables have been 

clarified, with a focus on the process perspective.  

The second contribution is a new way of understanding the material transportation 

mechanics within the weld.  This includes the flow around the pin in the plane of the 

weld, the vertical transportation of material up the pin, the formation of turbulent-like 

knit lines at the advancing side, and the formation of tunnel defects. Also included here is 

a new understanding of how material deficit arises at tool entry and exit, and from 

flash/chips, and how this contributes to the tunnel weld defect. In addition, new 

understandings of the role of feed rate have been identified. At high feed rate, more fresh 

material will be supplied in the stirring zone, which fills the deficit material produced by 

tool entry and tool deflection. Related to the material transportation, the work has also 

identified the importance of an interference fit between the substrate and tool. This helps 

to grab material for better stirring, but the effect had not previously been identified in the 

literature. 

A third contribution is the identification of the dynamic interaction between tool and 

substrate. This identifies the important role rigidity plays. It is now possible to explain 

how the tool moves relative to the substrate, how this interacts with the material 

transportation flow inside the weld, and how this contributed to weld defects.  Associated 

with this is the identification of frequency characteristics using current measurement of 

the motors and how this is related to forces, deflections, material flow and ultimately 

weld quality.  

The fourth contribution is identification of the specific process settings (feed, spindle 

speed, and tool geometry) for the difficult-to-weld material of AL6082-T6. It has been 

identified that besides material thickness, the size (width) of the substrate has a complex 

interaction with the process setting, i.e. faster spindle rotation is required for wider plate.  

The fifth contribution is the development of a novel method of fabricating bobbin friction 

stir welding tools. This design helps reduce the cost and time of fabrication, and also 

makes it possible to create fine features on small tools. This work has been covered by a 

(provisional) patent.  
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Other contributions include the development of a conceptual model (using an IDEF0 

system approach) to represent the causal relationships between welding parameters, weld 

formation and weld quality. This is not an approach that has previously been used.  

Other useful outcomes of the work are:  

i. Commissioned and evaluated the performance of a portable bobbin friction stir 

welding machine provided by industry partner, INCAT. 

ii. Designed, developed, and commissioned a 2 axis force platform (dynamometer) 

for measuring the forces during the FSW operation.  

iii. Identified fabrication methods, designed and commissioned bobbin FSW tools. 

7.4 LIMITATIONS  

Limitations of the studies can be divided into three areas: the approach, the material and 

the platform used. In term of approach, an explorative study was used compared to the 

design of experiment method. The reason is because of the factors in the statistical 

method are required to be in control which is not the case at the beginning of the study. 

The impact of rigidity and shoulder gap factors for BFSW were not well-known in the 

literature.  

In terms of substrate, the welding was limited in sample size and for a single grade of 

material. This has been clearly identified in the Appendix 2 whereby the aluminium 

supplied by INCAT was not available locally and also expensive. Additionally, the 

supplied materials were having intrinsic variables that are high hardness, inconsistence 

thickness and surface finish which impacted the development of the study. The scholar 

did not anticipate these parameters to have such a great impact on the welding formation. 

The variability of hardness in the provided batches of the materials was also unexpected. 

However, during the empirical work, tool breakage and high variability of weld 

formation were produced. This indicates that intrinsic parameters need to be in control 

besides the casual parameters explained in Chapter 5.  

Meanwhile, for the welding platform, a dedicated industrial FSW machine was not 

available, and the studies were started from a donated prototype BFSW machine. The 

trials were challenging and demanded a number of hardware upgrades are required thus a 

manual milling machine was selected. However, for a better control, welding using a 
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manual milling machine was not continued. The welding platform was transferred to the 

CNC milling machine. Additionally, a comparable force platform was built as a force 

data acquisition due to limited funding. Unfortunately, the force platform built is affected 

by the dynamic force generated by the welding thus introducing mechanical compliance 

and hence affecting the weld formation. This could not have been predicted beforehand 

because the importance of stiffness in BFSW welding was not known as the important 

variable that suggested to be misunderstood. Our experiences may also be useful for 

other researchers, since we have shown that the rigidity of the substrate fixation is a key 

variable. Others who come after will need to take this into consideration when deciding 

what hardware to use to measure forces. It may be that no force platform is stiff enough, 

in which case in-situ strain gauges may be necessary.   Nevertheless even with the force 

platform built, forces are accurately measured and new insight on substrate transportation 

has been gained.    

The area of specific interest continued to be how the tool features and process variables 

(feed, speed) interacted, but during the study the focus changed to understand these 

independently. Therefore, the empirical programme was focussed on selective factors 

and a specific subset of welding tools. The setbacks faced along the trials were 

instrumental articulate in refocussing the output and developing a deeper understanding 

of the causes of defects in this difficult sheet material.  The proposed mechanics of 

material transportation and defect causality are believed to be generally valid. 

Opportunities for further research are plentiful. 

7.5 FUTURE WORK 

The study has clearly identified important factors affecting the weld formation through 

empirical work. Through the challenges of the studies there are areas required to be 

explored in order to advance the knowledge of BFSW especially fixed gap tool so that it 

can be successfully applied in the industries such as INCAT. These are; 

i. Design-of-experiments approach to identifying sensitivity to various factors. 

Currently researches involving statistical analyses are widely developed in the 

area of CFSW. However, there are few such studies for BFSW. Although the 

process can be similar but the approach is different, thus there is a need to 

develop a better understanding of how the processes variables relate together, 
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and thereby predict the weld quality. This optimisation approach could be 

coupled with intelligent software to provide practitioners with useful guidelines. 

Additionally, process window can be proposed to the users as a quick reference 

for establishing parameters for a successful weld.  

ii. Working with other data acquisition information such as tool force, tool 

temperature and vibration. This is essential to further validate the findings. Force 

on tool measurement can be used to identify the location of the tool during 

welding. Tool temperature, and its contrast with that of the tool-substrate 

interface, can be valuable information in term of effective temperature. Vibration 

can be used to quantify the rigidity or structure of the equipment. This further 

information has the potential to introduce better control of the welding process, 

perhaps even real-time.  

iii. Dimensional accuracy and consistency. Based on the available literature review, 

there are no articles that mention the effects of the welding process on 

dimensional accuracy and consistency, for example, the effect on the tolerance of 

post weld plate width. Although it has been noted that the temperature in FSW is 

lower than fusion welding, these temperatures and associated clamping effects 

produced dimensional inaccuracies which need to be better understood. For 

welding long panels of material this can be crucial due to the inaccuracy build-

up. Welding process that is capable of producing consistent and predictable weld 

dimensions and quality will assist the engineers establishing the dimensional 

tolerances and welding guidelines. 

iv. Multi-physics modelling of the thermo-mechanical-flow regime within the 

stirring area by different tool features was not fully explored. There is a wide gap 

between empirical results and the available mathematical models. It is usually 

assumed that material is continuously available in the stirring zone, thus existing 

methods fail to predict defects of the void type.   Additionally, simple tool 

features are commonly adopted. This does not represent the actual flow of the 

materials which involving horizontal and vertical flow. Linking tool feature, 

material flow, pressure formed and surrounding heat affected zone towards the 

formation shape of the macrostructure is needed to better predict the output.  
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v. Advancing the conceptual model, concurrent with empirical testing and phyics-

modelling, is an important way to advance knowledge in this field: neither on 

their own is sufficient. Through this method, areas that require to be explored can 

be clearly identified, thus providing clear guidelines to practitioners about the 

causality of the input towards the output (weld quality).   

vi. Linking metallurgical study towards wider effect of various factors, not only 

focused on the bonding of the materials and the effect of spindle and travel 

speed. This is because it has been identified in this study that other factors such 

as shoulder compression on substrate and rigidity play significant roles for 

bonding establishment. Therefore, the behaviour of the metallic elements, their 

intermetallic compounds affected through the mixture is important to the body of 

the knowledge in understanding the strength properties of the weld. 

vii. Development of portable friction stir welding. Through further understanding of 

the various variable impacts, a better control and intelligent machine might be 

produced to achieve in-situ welding.   
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CHAPTER 8 

CONCLUSION AND FUTURE WORK 

 

8.1 CONCLUSION 

The purpose of the project was to determine the causality between process variables 

(machine types, tool fixation and rigidity, tool features, spindle speed, and travel speed), 

and weld quality (defects, tensile strength and bend test), for fixed gap BFSW on the 

specific material of AL6082T6 thin sheet. The studies were focused on selected key 

combinations of these parameters. The emphasis was on the functional perspective, rather 

than simply metallurgy per se.  

By conducting an extensive empirical programme of welding, it has been possible to 

demonstrate the effect of machine-type, tool fixation, rigidity, tool features, spindle and 

travel speed on weld formation. This has led to the development of a conceptual model 

representing the factors and their causal relationships with weld outcomes. This also 

provides a theoretical explanation of the flow of material in the weld region, and how its 

failure leads to weld defects. It has also been possible to suggest guidelines to 

practitioners for welding this material using the BFSW process. In the process a force 

measuring platform has been developed for welding studies, and a novel concept has 

been developed for tool fabrication.   

It can be finally concluded that to weld thin plate Aluminium of 6082-T6 is challenging 

using the fixed gap BFSW method. The study has shown that the welding is a complex 

problem in the parameter space.  The process typically needs tight control of shoulder 

gap, tool built up, feature fabrication, substrate and tool fixation. Additionally spindle 

and travel speed need to be adjusted not only based on the type of materials and 

thickness, but also the width, type of machine and method of tool entry. 
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8.2 SUMMARY OF THE THESIS  

In Chapter 1 the scenario that resulted in the need of the study has been described. This 

chapter started from the implication of the process in the manufacturing field and the 

descriptions of the two available technologies under FSW. It was noted that the 

advantages of the bobbin tool are attractive to this industry under examination. The initial 

attempt conducted by INCAT using the fixed bobbin tool was not promising which 

resulted in system malfunction, low reproducibility and material thickness. This provided 

research opportunity for the university. Therefore, the aim of the research was to better 

understand and successfully implement BFSW in the industry. However, because of the 

challenges the aim of the research was focused on the parameter variability. Therefore 

the thesis was conducted by linking the casual parameters, based on empirical 

observations. The studies have focused on selected key combinations of these parameters 

with a focus on the functional perspective, rather than simply metallurgy per se. Within 

the various factors, the main parameters were then selected. Their effects were 

demonstrated and such control is shown to be necessary to provide a stable process. By 

this a better statistical study and further research can be conducted.  

Chapter 2 provides the background of the necessary knowledge that is available in the 

body of literature. Suggested factors stated by the researchers were identified. However, 

focused and depth of the studies was found to be lacking in the area of tool features. 

Besides that, essential information is also provided to understand the remainder of the 

work and to highlight the current availability of the knowledge and facilities.  

In Chapter 3 the approaches used in achieving the objectives are stated. Although the 

statistical approached could not be conducted as initially intended, the study has been 

conducted based on individual examination of selected parameters. The reason is because 

it was found that most of the variables were in poor control, and certain variables were 

not identified at all in the literature, and in such a situation a DOE approach would result 

in unreliable conclusions and potentially misleading findings.  Therefore the steps taken 

in solving this issue are divided into three categories. First is the tooling which includes 

tool fabrication. Second is the trials taken in identifying these factors and lastly is linking 

the finding using conceptual modelling.  
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Chapter 4 stated the machinery and hardware development. The portable FSW machine 

was found to be unsuitable for the intended study which resulted in moving the machine 

platform towards CNC milling machine. It is found that the portable machine is not rigid, 

having electrical hardware issues and slow welding setup. The manual milling machine is 

not rugged enough with limited control. The work has been extended to build a 

comparable industrial force platform due to limited funding. This involved designing, 

modification and calibration. Additionally, tool fabrication methods are also discussed, 

and a new design was developed with a provisional patent lodged. Tight fit is a must for 

bobbin tool and sharp features oppose the weld formation.  

In Chapter 5 the main factors causing the variability are explained and discussed.  The 

most important factors are listed. The methods used for each factor are different in 

quantifying it. Therefore, this chapter is divided into five subchapters and written in the 

form of research papers for representing the five main factors that need to be controlled. 

In each case the identified variable is directly affecting the weld formation through 

material transportation. Thus, Chapter 6 discusses this new way of understanding of the 

material transportation. It is found that the tunnel defect, which is consistently present on 

a full feature tool at the bottom side of the advancing side, is because of the availability 

of fresh material, the angle of the pitch and the tool deflection. Additionally, tool 

deflection and material allocation cause flash formation.  

8.3 ADVANCEMENT OF THE FIELD 

This work has also identified three new areas of research. These are (1) Dynamic 

interaction of the tool, substrate and machine, and (2) Dimensional accuracy and tool-

substrate interference and (3) Material replacement due to the material loss. 

8.3.1 Dynamic interaction of the tool, substrate and machine 

The conventional idea that the welding tool has a semi-steady interaction with the 

substrate is not supported. Instead the interaction is highly dynamic, and this materially 

affects the weld-quality, especially in the difficult-to-weld material under examination. 

The CNC machine-type also emerges as a variable that needs to be given attention in the 

selection of process parameters. Although compliance in the tool-holder might seem 

useful, it is shown to have negative consequences as it introduces tool positioning 
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problems. Certain types of interaction are identified as being associated with particularly 

poor welding. When welding is done at a low feed rate,  jerking motion tends to be 

produced, with high forces of low frequency. This motion alters the slip-stick interaction 

between tool and substrate and interferes with the welding process.  A rigid system will 

transfer the instability of the working interface to the machine, hence more demand on 

the control system to make frequent adjustments. Unfortunately more compliance in the 

system also has problems, as it can amplify the deflection of the tool relative to the 

substrate, and this also leads to poor weld outcomes. 

8.3.2 Dimensional accuracy and tool-substrate interference. 

Shoulder gap is an important feature to ensure tool-substrate contact. Loose tolerance on 

the gap shoulder can cause lateral deflection and contribute to the dynamic interaction 

described above. However the fit also has two other effects. One is to affect the frictional 

heat generated at the shoulders: too little heat and the tool force is increased because the 

substrate is not weakened enough. The other effect is the dynamic seal, which involves 

the capture and material stirring within the weld region. There is a conservation of mass 

effect, whereby any material that is lost from the weld, e.g. weld flash (‘rinds’, ‘waves’) 

and ejected chips, causes tunnel and wormhole defects. 

8.3.3 Material replacement     

The substrate is pushed out of the weld zone the tool first enters the substrate from the 

outside edge. This causes a material deficit at the stirring zone, hence formation of open 

tunnel at the bottom of the advancing side. This defect is prevented through high travel 

speed which introduces fresh material to the pin. Therefore, this tunnel eventually closes. 

A similar situation occurs when the tool exits the substrate. As stated before, this is also a 

conservation of mass effect. As a result, an amount of entry and exit section of the weld 

needs to be removed. A new tool system or process controls is required for providing the 

material loss back to the stirring zone during welding process. Alternatively a drilled hole 

entry has potential. Either approach could greatly reduce material waste for even better 

economical process.     
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APPENDIX A1: INPUT AND OUTPUT PARAMETERS ON BFSW 
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Strengt
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on 
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Z 
Nugget 

HA

Z 

TMA

Z 
Nugget 

AA2024-

T351 
4 √ √ 

√ 

3 

Flats 

- - 
450 rpm – 

 600 rpm 

100 

mm/min 
0.8 – 0.9 - 350°C - - - 

134H

V 
- 110 HV - - - [15] 

AA2195-

T87 
9.07 √ √ - - 

scrolle

d 

9.1-31.8 

rev/in 

7.1-16.1 

rev/in 

11 ipm 

14 ipm 
- - - - - 

5 - 60 

ksi 

42-60 

ksi 

- - - - - - - [16] 

AA6082-T6 25  √ √ 

√ 

3 

Flats 

√ 
scrolle

d 
300 rpm 

200 - 500  

mm/min 

14.7

3 
11.72 408.6 - - - - 

90 

HV 

80 

HV 
55 HV - - 

6 to 8 

ɥm 
[18] 

AA6056-T4 4  - - - - - - - - - - 350°C 203 255 4.6 - - - - - - [28] 

12% 

Chromium  

Alloy 

8  - - - - - - 1.25 mm/s - - - - - - - - - - - - 
100 -  

200 ɥm 
[20] 

2139 Al -

Copper  

alloy 

2.5 - - - - - - - - - - - 
262 

Mpa 

398 

Mpa 
7% 120 HV 110 HV  - - - [63] 

AA5083-

H116 

 

25.4 
√ √ 

√ 

3 

Flats 

√ 
scrolle

d 
250 rpm 

127 

mm/min 
1.5 8.6 38.8 - - - - - - - - - - [44] 

AA2519-

T87 
25.4 √ √ 

√ 

3 

Flats 

√ 
scrolle

d 
275 rpm 

102 

mm/min 
3.15 12.6 57.6 - - - - - - - - - - [44] 

AA6061-T6 25.4 √ √ 

√ 

3 

Flats 

√ 
scrolle

d 
250 rpm 

127 

mm/min 
-2.5 0.1 78.6 - - - - - - - - - - [44] 

AA2195-T8 25.4 √ √ 

√ 

3 

Flats 

√ 
scrolle

d 
170 rpm 

102 

mm/min 
-3.5 7.9 90.3 - - - - - - - - - - [44] 
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AA6056 4  - - - - - - - - - - - - 

220 

Mpa  

- 243 

Mpa 

0.85%  

- 0.31% 

110 HV -135 

HV 

100 HV -  

120 HV 
- - - [61] 

Al6061-T6 4 √ - - - - 600 rpm 
50 – 250 

mm/min 
- - - - - 

185 - 

210 

MPa 

8.5 - 

9.5% 
80-90 HAZ 

55-

75 

HA

Z 

58-68 

Hz 
- - - 

[122

] 

AA5083-

H111 
4 √ √ √ - 

scrolle

d 

   

i= 600 rpm, 

360 rpm 

 

i=46 

mm/min, 

762 

mm/min 

- - - - 167 294 15.8 - - - - - - 
[121

] 

AA5083-

H111 
5 √ √ √ - 

scrolle

d 

i= 500 rpm, 

360 rpm 

i=46 

mm/min, 

635 

mm/min 

- - - - 168 301 13.4 - - - - - - 
[121

] 

AA5454-

H111 
5 √ √ √ - 

scrolle

d 

i= 900 rpm, 

490 rpm 

i=61 

mm/min, 

508 

mm/min 

- - - - 123 228 14.7 - - - - - - 
[121

] 

AA6061-T6 3 √ √ √ - 

-

scrolle

d 

-flat 

i= 1400 

rpm, 

1100 rpm 

i=44 

mm/min, 

2540 

mm/min 

- - - - 157 215 6.0 - - - - - - 
[121

] 

AA6061-T6 4 √ √ √ - 

-

scrolle

d 

-flat  

i= 800 rpm, 

800 rpm 

i=43 

mm/min, 

2032 

mm/min 

- - - - 163 225 7.3 - - - - - - 
[121

] 

AA6061-T6 5 √ √ √ - 

-

scrolle

d 

-flat 

i= 800 rpm, 

700 rpm 

i=43 

mm/min, 

2032 

mm/min 

- - - - 143 210 7.4 - - - - - - 
[121

] 

Note: ‘-’, not stated / not applicable 

         ‘i’, initial/Entry 
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APPENDIX A2: THE CHALLENGES 

A2.1 Metallurgical challenges 

There is a difficulty with this particular alloy (Al6082-T6), in that micro-structures do 

not show clearly, if at all. This problem was discovered partway through the research. In 

retrospect it was apparent from the literature that no-one has published a clear optical 

micro-structure for this allow. The consequence is that the microstructure cannot be 

resolved to the same level as for other alloys. The reason is that Al6082-T6 has a high 

silicon (Si) content with low Iron (Fe) and Copper (Cu), which cause the grain 

boundaries to be difficult to reveal. The background literature tacitly acknowledges this 

problem. It is noted that researchers that deal with Al6082-T6 generally do not publish 

their microstructure images. Images are freely available for other materials such as 

Al6061-T6 or 2000 series aluminium. Also, personal communication at the 10th 

International Friction Stir Welding Symposium, Beijing, China, 2014 provided a verbal 

confirmation of the difficulties of working with thin plate Al6082-T6 [184]. Personal 

email correspondence with TWI personnel confirm that grain boundary at the weld zone 

is not always easy to define [204]. 

This feature of the alloy made it particularly difficult for metallurgical testing. The 

approach taken here was to reveal the band produced so that the complexity of these 

structures can be related to the tool feature. The method of polishing used following the 

standard polishing method.  

At first, the specimens were ground using silicon carbide papers following the grit 

designation 120 (coarse), 220, 320, 400 and 600 (fine) silicon carbide papers. At each 

grit the specimen was exposed for two minutes. Then the specimen was polished 

progressively at 9, 6, 3, 1 micron diamond paste. The final polish was with 0.03 micron 

colloidal silica solution, using a vibratory polishing machine for about 2hrs. Keller's 

solution or hydrogen fluoride (HF) was then used for etching the specimen. This 

approach is somewhat tedious but proved adequate to expose the microstructure band or 

the identification of the different boundary present near the weld nugget. For grain 

boundaries the best solution experienced was using Decon 90 containing Potassium 

Hydroxide (KOH). This method is able to slightly identify the grain boundaries, but not 
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comprehensively. These boundaries generally can be seen under higher magnification, 

but the camera capability used was limited, resulted in difficulty in capturing an image of 

the boundary.  

A2.2 Material supply 

The industrial partner provided an initial batch of 50 plates (sufficient for 25 butt welds), 

of 6 mm thickness and extruded surface on both sides. This batch was mostly consumed 

in the preliminary testing with the provided weld machine. The second batch of the 

material supplied was 4 mm thickness in an extruded condition. The quantity was 

sufficient for 30 butt welds. However, some of the plates were consumed for further 

testing of the welding machine which was then found to be defective and irredeemable. 

The studies were then continued with 4 mm thick plate because of the industry partner’s 

intent to replace their conventional welding process with the FSW method. The largest 

quantity of plates was in the third batch which was able to produce 150 butt welds. 

However, this batch of material was not extruded but roughly linished and of variable 

hardness.  

The industrial partner provided an initial batch of 50 plates (sufficient for 25 butt welds), 

of 6 mm thickness and extruded surface on both sides. This batch was mostly consumed 

in the preliminary testing with the provided weld machine. The second batch of the 

material supplied was 4 mm thickness in an extruded condition. The quantity was 

sufficient for 30 butt welds. However, some of the plates were consumed for further 

testing of the welding machine which was then found to be defective and irredeemable. 

The studies were then continued with 4 mm thick plate because of the industry partner’s 

intent to replace their conventional welding process with the FSW method. The largest 

quantity of plates was in the third batch which was able to produce 150 butt welds. 

However, this batch of material was not extruded but roughly linished and of variable 

hardness.  

Thereafter difficulties were experienced in getting further plates. This significantly 

affected the project and a number of changes had to be made to adjust the research 

programme to the supply realities: 
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 Insufficient supply of plates. The industrial partner was unable to supply 

sufficient plates, or do so timeously relative to the testing programme.  

 The plates that were supplied were of various thicknesses, which meant that 

bobbin tools had to be rebuilt each time. This also meant that plate thickness 

became a variable that had to be actively considered in the study.  

 The third batch plates were supplied with no quality control on thickness. The 

materials received were in a linished condition. It was identified that a manual 

disk sanding process had been conducted on the surface of the material with the 

intention of reducing the original dimension. The manual sanding operation 

introduced uncontrolled plate thickness and surface roughness that are not 

acceptable for establishing controlled process. This caused additional work in that 

all the linished surfaces had to be milled off. It should be noted that the milling of 

thin plate aluminium is not a simple task, because of the risk of warping. Also, a 

milled surface is not the same as an extruded one, so this potentially introduced 

further variable. Additionally, some left over materials of 6 mm Aluminium were 

milled down to the required thickness. 

 Besides that, it was discovered that some of the supplied plates had higher 

mechanical properties compared to the standard aluminium grade. Based on the 

selective mechanical tests, the hardness and tensile strength of the supplied 

materials was 125HV and 345 MPa respectively, which exceed the standard of 

Al6082-T6 which has 100 HV hardness and 290 MPa of tensile strength. This led 

to low welding repeatability and eventually broken tools. The problem of the 

inconsistency of the material was not identified by the industrial partner, and may 

indicate that there is significant intrinsic variability with the alloy or some quality 

issues in the supply chain. In response, hardness test was conducted on every 

sample, and sorted the material accordingly. This means that most of the material 

supplied by the industrial partner was out-of-specification. This severely limited 

the number of welding tests that could be done. Providentially, chemical 

composition using electron-microscopy and the composition of alloying elements 

was within that of AL6082. Summarisation on mechanical inspection that has 

been conducted prior to welding, plates supplied by INCAT were found to have 
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approximately 95 – 115HV, with the bulk in the range between 105 – 125HV. By 

comparison the standard stated that for 4 mm thick plate of the Al6082-T6, the 

tensile strength and hardness should be at 100HV.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

241 

 

APPENDIX A3: WELDING PLATFORM 

A3.1 Prototype rig 

Restraint welding cart 

 

 

 

 

 

 

 

 

Figure A3. 1: Welding cart rear view. 

  

Figure A3. 1 depicts the welding cart that can be misguided during welding. It was 

observed that the rear of the cart skewed to C. This is action-reaction effect of the tool 

deflection. Additional, side restraint is required to at the rear of the cart which has been 

installed. 
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Welding cart vertical adjustment for bobbin tool positioning 

 

 

 

 

 

 

 

 

Figure A3. 2: (a) Location of the shims. (b) Vertical support adjustment. 

 

For vertical positioning of the welding cart Figure A3. 2 (a) shows the used of shim. Two 

shims were used for the height balance slip between the roller and the cart body. The 

shim has similar thickness of the material to be welded. This is to ensure that the tool 

axis is approximately perpendicular to the workpiece.  

Another vertical positioning of the cart is shown in Figure A3. 2 (b). The vertical support 

needs to be adjusted after the shims have been inserted.  The vertical support roll should 

be adjusted so that the roll is not in hard contact with the bench when the tool is resting 

on the work.  

Both of the manual adjustments are lack of control which easily can introduce variability.  
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Chain load  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3. 3: Chain tension adjustment and load monitoring. 

 

As illustrated in Figure A3. 3, chains were attached to a sliding bar. As the chain load 

increases the tube slides thus elongating or straining the load bolt. The chain load was 

preloaded prior to welding at 845N (190 Ib). This was done by tightening tension bolt 

and monitored it tension through the user interface panel. The malfunction load bolt was 

replaced by s-type load cell.   

From the user interface, the measurement of the tension is intermittent, especially as the 

cart moving. Additionally, the chains are found not equally in tension thus, believed as a 

factor for skewed cart.  
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Portable rig system schematic. 

 

Figure A3. 4: Portable rig system schematic for machine monitoring, control and data collection program. 

Note: TS = travel speed; SS = spindle speed; i%= current; M = spindle motor; GM =travel motor. 
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A3.2 Force platform 

Top Platform before modification 

Figure A3. 5: Drawing of the top platform before modification. 
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Top platform after modification 

Figure A3. 6: Drawing of the top platform after modification. 
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Base 

Figure A3. 7: Drawing of the base. 
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Load cell holder 1 (LcH1) ‘BEFORE’ modification 

Figure A3. 8: Drawing of the load cell holder 1 before modification. 
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Load cell holder 1 (LcH 1) ‘AFTER’ modification 

Figure A3. 9: Drawing of the load cell holder 1 after modification. 
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Load cell holder 2 (LcH2) ‘BEFORE’ modification 

Figure A3. 10: Drawing of the load cell holder 2 before modification. 
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Load cell holder 2 (LcH2) ‘AFTER’ modification 

Figure A3. 11: Drawing of the load cell holder 2 after modification. 
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Load cell holder 3 (LcH3) 

Figure A3. 12: Drawing of the load cell holder 
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A3.3 Rigid support 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3. 13: Rigid support 
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APPENDIX A4: CALIBRATION OF THE FORCE 

PLATFORM  

A4.1 Force calibration results 

The example of calculation for X axis in both directions +/- 

Table A4. 1: The averaged raw signals when known load applied at X/+. 

Measured Axis /Drection:X/+ 

Applied  

Load 

23.563 

kg 

43.897 

kg 

64.233 

kg 

109.551 

kg PCF 

Load Cell  

Axis X (S) CT X(S) CT X(S) CT X(S) CT X(S) CT 

Position 1 

25.509 -0.321 47.392 -0.624 69.350 -0.964 117.912 -1.576   

25.531 -0.297 47.529 -0.534 69.581 -0.846 118.175 -2.422   

25.072 -0.392 47.250 -0.606 69.233 -1.044 116.930 -1.840   

        

  

AVE 25.371 -0.336 47.391 -0.588 69.388 -0.951 117.672 -1.946   

CF 0.929 -0.014 0.926 -0.013 0.926 -0.015 0.931 -0.018 0.928 -0.016 

           

Position 2 

25.369 -0.218 47.630 -0.275 68.927 -0.338 116.611 -1.543   

25.691 -0.159 47.756 -0.300 70.067 -0.279 117.256 -0.780   

25.688 -0.197 47.909 -0.247 69.349 -0.633 118.885 -1.144   

        

  

AVE 25.583 -0.191 47.765 -0.274 69.448 -0.417 117.584 -1.156   

CF 0.921 -0.008 0.919 -0.006 0.925 -0.006 0.932 -0.011 0.922 -0.017 

           

Position 3 

25.640 -0.026 47.275 -0.253 67.397 -0.391 116.934 -0.915   

25.644 -0.311 47.043 -0.326 67.862 -0.266 117.767 -0.779   

25.617 -0.242 47.476 -0.106 69.237 -0.704 117.015 -0.589   

        

  

AVE 25.634 -0.193 47.265 -0.228 68.165 -0.454 117.239 -0.761   

CF 0.919 -0.008 0.929 -0.005 0.942 -0.007 0.934 -0.007 0.931 -0.007 

PCF 0.927 -0.013 
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Table A4. 2:The averaged raw signals when known load applied at X/-. 

Masured Axis/Direction: X/- 

Applied 

Load 

23.563 

kg 

43.897 

kg 

64.233 

kg 

109.551 

kg PCF 

Load Cell 

Axis X(S) CT X(S) CT X(S) CT X(S) CT X(S) CT 

1 

-26.058 0.075 -47.755 0.378 -69.899 0.329 -117.000 -0.762   

-26.011 0.143 -47.952 0.261 -69.724 0.334 -115.928 -0.052   

-25.549 0.136 -47.644 0.294 -70.073 0.325 -115.907 -0.041   

        

  

AVE -25.873 0.118 -47.784 0.311 -69.899 0.329 -116.278 -0.285   

CF -0.911 0.005 -0.919 0.007 -0.919 0.005 -0.942 -0.003 

-

0.924 0.002 

           

2 

-25.483 -0.682 -48.020 -0.109 -69.776 -0.432 -118.127 0.163   

-25.201 0.045 -47.224 0.064 -69.848 0.020 -117.986 0.048   

-25.710 0.117 -48.037 -0.145 -70.047 -0.296 -117.456 0.048   

        

  

AVE -25.465 -0.173 -47.760 -0.063 -69.890 -0.236 -117.856 0.086   

CF -0.925 -0.007 -0.919 -0.001 -0.919 -0.004 -0.930 0.001 

-

0.924 

-

0.004 

           

3 

-25.978 0.214 -48.409 0.520 -69.223 0.834 -118.584 2.002   

-25.913 0.288 -47.497 0.495 -68.194 0.749 -117.259 1.815   

-25.820 0.201 -47.950 0.463 -69.274 0.820 -118.288 2.370   

        

  

AVE -25.904 0.234 -47.952 0.493 -68.897 0.801 -118.044 2.063   

CF -0.910 0.010 -0.915 0.011 -0.932 0.012 -0.928 0.019 

-

0.921 0.014 

PCF 

-

0.924 0.004 

 

 

The FPCF for X axis = 0.9265  
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Table A4. 3: Corrected measurements for X/+. 

Measured force after correction for X/+ (FPCF*S) 

  X (MF) CT X (MF) CT X(MF) CT X(MF) CT 

Position 1 

23.634 0.004 43.909 0.008 64.253 0.013 109.246 0.021 

23.654 0.004 44.035 0.007 64.467 0.011 109.489 0.032 

23.229 0.005 43.777 0.008 64.144 0.014 108.336 0.024 

        AVE 23.506 0.004 43.907 0.008 64.288 0.013 109.024 0.026 

STD 0.240 0.001 0.129 0.001 0.164 0.001 0.608 0.006 

  

        

Position 2 

23.504 0.003 44.129 0.004 63.861 0.004 108.040 0.020 

23.803 0.002 44.246 0.004 64.917 0.004 108.638 0.010 

23.800 0.003 44.388 0.003 64.252 0.008 110.147 0.015 

        AVE 23.702 0.003 44.254 0.004 64.343 0.006 108.941 0.015 

STD 0.172 0.000 0.130 0.000 0.534 0.003 1.086 0.005 

  

        

Position 3 

23.755 0.000 43.800 0.003 62.443 0.005 108.339 0.012 

23.759 0.004 43.585 0.004 62.874 0.004 109.112 0.010 

23.734 0.003 43.987 0.001 64.148 0.009 108.415 0.008 

        AVE 23.749 0.003 43.791 0.003 63.155 0.006 108.622 0.010 

STD 0.013 0.002 0.201 0.001 0.887 0.003 0.426 0.002 
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Table A4. 4: Corrected measurement for X /-. 

Measured force after correction for X/- (FPCF*S) 

 
X(MF) CT X(MF) CT X(MF) CT X(MF) CT 

Position 1 

24.142 0.001 44.245 0.003 64.761 0.003 108.401 -0.006 

24.099 0.001 44.428 0.002 64.599 0.003 107.407 0.000 

23.671 0.001 44.142 0.003 64.923 0.003 107.388 0.000 

        
AVE 23.971 0.001 44.272 0.003 64.761 0.003 107.732 -0.002 

STD 0.260 0.000 0.145 0.001 0.162 0.000 0.579 0.004 

         

Position 2 

23.610 -0.006 44.490 -0.001 64.647 -0.004 109.445 0.001 

23.348 0.000 43.753 0.001 64.714 0.000 109.314 0.000 

23.821 0.001 44.506 -0.001 64.899 -0.003 108.823 0.000 

        
AVE 23.593 -0.001 44.250 -0.001 64.753 -0.002 109.194 0.001 

STD 0.236 0.004 0.430 0.001 0.130 0.002 0.328 0.001 

         

Position 3 

24.069 0.002 44.851 0.004 64.135 0.007 109.869 0.017 

24.009 0.002 44.006 0.004 63.181 0.006 108.640 0.015 

23.922 0.002 44.425 0.004 64.182 0.007 109.594 0.020 

        
AVE 24.000 0.002 44.428 0.004 63.833 0.007 109.367 0.018 

STD 0.074 0.000 0.422 0.000 0.565 0.000 0.645 0.002 
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The corrected measured force (MF) were then applied to the polynomial equation for the 

input and output relationship. Then the errors were calculated. Table A4. 5 to Table A4. 8 

show the percentage of error of the force platform after calibration. 

Table A4. 5: Load error (%) for X/+. 

Applied 

Load 

23.563 

kg 

43.897 

kg 

64.233 

kg 

109.551 

kg 

Position 1 

-0.523 -0.597 0.048 0.340 

-0.439 -0.307 0.387 0.561 

-2.211 -0.899 -0.125 -0.492 

    

AVE -1.058 -0.601 0.103 0.136 

STD 0.999 0.296 0.261 0.555 

      

Position 2 

-1.066 -0.092 -0.575 -0.763 

0.181 0.1753 1.102 -0.216 

0.168 0.502 0.046 1.162 

    

AVE -0.239 0.195 0.191 0.061 

STD 0.716 0.297 0.848 0.991 

      

Position 3 

-0.018 -0.846 -2.822 -0.489 

-0.003 -1.340 -2.139 0.217 

-0.106 -0.418 -0.119 -0.421 

    

AVE -0.042 -0.868 -1.694 -0.231 

STD 0.056 0.461 1.406 0.389 
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Table A4. 6: Load error (%) for X/-. 

Applied 

Load 

23.563 

kg 

43.897 

kg 

64.233 

kg 

109.551 

kg 

Position 1 

1.555 0.133 0.813 -0.473 

1.375 0.552 0.556 -1.381 

-0.410 -0.103 1.069 -1.399 

    

AVE 0.840 0.194 0.813 -1.084 

STD 1.086 0.332 0.256 0.530 

      

Position 2 

-0.666 0.695 0.632 0.481 

-1.756 -0.995 0.738 0.361 

0.213 0.732 1.031 -0.087 

    

AVE -0.736 0.144 0.800 0.252 

STD 0.986 0.986 0.207 0.299 

      

Position 3 

1.249 1.524 -0.179 0.868 

0.997 -0.415 -1.692 -0.254 

0.638 0.547 -0.105 0.617 

    

AVE 0.961 0.552 -0.659 0.410 

STD 0.307 0.969 0.895 0.589 
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Table A4. 7: Load error (%) for Y/+. 

Applied 

Load 

23.563 

kg 

43.897 

kg 

64.233 

kg 

109.551 

kg 

Position 1 

-0.126 1.928 0.819 2.522 

-0.312 -0.380 1.009 0.341 

0.416 1.727 0.931 1.010 

    

AVE -0.008 1.092 0.919 1.291 

STD 0.378 1.278 0.095 1.118 

      

Position 2 

1.590 -1.959 0.572 -1.031 

-1.834 0.316 -0.095 -0.678 

-1.963 -1.617 0.669 -0.793 

    

AVE -0.736 1.609 0.382 -0.834 

STD 2.015 1.227 0.416 0.180 

      

Position 3 

0.376 -0.021 0.357 0.887 

1.210 1.661 2.008 0.968 

0.562 0.269 0.220 2.006 

    

AVE 0.716 0.637 0.861 1.287 

STD 0.438 0.899 0.995 0.624 
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Table A4. 8: Load error (%) for Y/-. 

Applied 

Load 

23.563 

kg 

43.897 

kg 

64.233 

kg 

109.551 

kg 

Position 1 

0.971 -0.460 -0.241 1.855 

-0.760 1.291 -0.265 1.078 

0.510 0.487 1.348 0.938 

    

AVE 0.240 0.440 0.280 1.290 

STD 0.897 0.876 0.925 0.494 

      

Position 2 

1.338 -0.590 -1.837 0.365 

1.692 -0.742 -1.125 -0.404 

-0.176 0.281 -0.692 0.551 

    

AVE 0.951 -0.350 1.218 0.170 

STD 0.992 0.552 0.578 0.506 

      

Position 3 

-0.608 0.537 -0.042 1.062 

-1.440 1.086 1.060 2.442 

-0.258 -0.832 0.807 0.437 

    

AVE -0.769 0.264 0.608 1.313 

STD 0.607 0.988 0.577 1.027 
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A4.2 Deflection measurement 

 

Table A4. 9: Deflection measurement for X+ and X-. 

Axis/direction 

Applied 

load 

(kg) 

Repetition POS1 POS2 POS3 

X+ 

23.563 

 

 

 

1 0.12 0.08 0.11 

2 0.12 0.08 0.10 

3 0.12 0.08 0.10 

AVE 0.12 0.08 0.10 

43.897 

1 0.22 0.14 0.21 

2 0.22 0.14 0.19 

3 0.22 0.14 0.18 

AVE 0.22 0.14 0.19 

64.233 

1 0.35 0.20 0.30 

2 0.35 0.21 0.28 

3 0.35 0.21 0.28 

AVE 0.35 0.21 0.28 

109.551 

1 0.77 0.42 0.60 

2 0.70 0.40 0.58 

3 0.69 0.39 0.57 

AVE 0.72 0.40 0.58 

X- 

23.563 

1 0.16 0.10 0.15 

2 0.11 0.09 0.20 

3 0.15 0.09 0.20 

AVE 0.14 0.09 0.18 

43.897 

1 0.22 0.18 0.22 

2 0.22 0.17 0.23 

3 0.22 0.17 0.23 

AVE 0.22 0.17 0.23 

64.233 

1 0.32 0.28 0.33 

2 0.31 0.26 0.33 

3 0.31 0.26 0.34 

AVE 0.31 0.27 0.33 

109.551 

1 0.40 0.45 0.51 

2 0.40 0.44 0.51 

3 0.39 0.44 0.51 

AVE 0.40 0.44 0.51 
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Table A4. 10: Deflection measurement for X+ and X-. 

Axis/direction 

Applied 

load 

(kg) 

Repetition POS1 POS2 POS3 

Y+ 

20 

1 0.07 0.060 0.070 

2 0.07 0.060 0.070 

3 0.07 0.060 0.070 

AVE 0.07 0.060 0.070 

40 

1 0.125 0.120 0.120 

2 0.120 0.120 0.125 

3 0.120 0.120 0.120 

AVE 0.122 0.120 0.122 

60 

1 0.185 0.175 0.185 

2 0.180 0.175 0.190 

3 0.180 0.170 0.180 

AVE 0.182 0.173 0.185 

100 

1 0.320 0.305 0.315 

2 0.315 0.310 0.315 

3 0.315 0.310 0.320 

AVE 0.317 0.308 0.317 

Y- 

20 

1 0.075 0.065 0.075 

2 0.07 0.065 0.070 

3 0.07 0.065 0.070 

AVE 0.072 0.065 0.072 

40 

1 0.130 0.120 0.125 

2 0.130 0.120 0.130 

3 0.125 0.120 0.125 

AVE 0.128 0.120 0.127 

60 

1 0.180 0.175 0.180 

2 0.180 0.180 0.185 

3 0.185 0.175 0.180 

AVE 0.182 0.177 0.182 

100 

1 0.340 0.310 0.310 

2 0.310 0.295 0.310 

3 0.310 0.300 0.310 

AVE 0.320 0.302 0.310 
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A4.3 Torque calibration 

 

Table A4. 11: Actual torque applied on the force platform (Diagonal). 

Applied Load Distance Actual Tq 

kg N X axis Y axis XTq1 YTq1 

43.876 430.277 

0.080 0.155 

69.272 132.957 

66.408 651.240 104.846 201.235 

89.103 873.802 140.677 270.008 

111.778 1096.168 176.476 338.719 

 

Table A4. 12: actual torque applied on the force platform (Right angle). 

Applied Load Distance Actual Tq 

kg N X axis Y axis XTq2 YTq2 

43.876 430.277 

0.121 0.155 

103.697 132.956 

66.408 651.240 156.949 201.233 

89.103 873.802 210.586 270.005 

111.778 1096.168 264.176 338.716 

 

Table A4. 13: Measured torque for X axis before correction (Diagonal). 

Actual Tq 
XTq1 

  
1 2 3 Average TqCF 

69.272 53.419 52.992 53.760 53.390 1.297 

104.846 77.891 78.795 79.489 78.725 1.332 

140.667 108.592 107.487 106.729 107.603 1.307 

176.476 134.772 135.206 134.633 134.870 1.308 

TqPCF 1.315 

 

Table A4. 14: Measured torque for Y axis before correction (Diagonal). 

Actual Tq 
YTq1   

1 2 3 Average TqCF 

132.957 131.268 130.844 130.698 130.937 1.015 

201.235 196.469 195.886 196.028 196.128 1.026 

270.008 258.664 260.138 259.649 259.484 1.041 

338.719 323.256 322.982 322.959 323.066 1.048 

TqCF 1.032 
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Table A4. 15: Measured torque for X axis before correction (Right angle). 

Actual Tq 
XTq2 

  
1 2 3 Average TqCF 

103.697 81.507 80.788 83.416 81.904 1.266 

156.949 122.962 123.955 123.260 123.392 1.272 

210.586 163.399 165.115 162.069 163.528 1.288 

264.176 209.487 211.633 212.034 211.051 1.252 

Tq PCF 1.270 

 

Table A4. 16: Measured torque for Y axis before correction (Right angle). 

Actual Tq 
YTq2   

1 2 3 Average TqCF 

132.956 138.912 137.989 140.520 139.140 0.956 

201.233 187.899 186.995 188.477 187.790 1.072 

270.005 251.952 253.002 252.122 252.359 1.070 

338.16 319.480 320.980 321.284 320.581 1.057 

TqPCF 1.014 

 

Table A4. 17: Corrected Torque (Diagonal). (a) XTq1. (b) YTq1. 

Actual  

Tq 

(a) Corrected XTq1 

1 2 3 

69.272 69.071 68.519 69.512 

104.846 100.713 101.882 102.779 

140.677 140.409 138.981 138.001 

176.476 174.260 174.821 174.080 

 

Table A4. 18: Corrected Torque (Right angle). (a) XTq2. (b) YTq2. 

 Actual 

Tq 

(a) Corrected XTq2 

1 2 3 

103.697 105.389 104.459 107.857 

156.949 158.990 160.274 159.375 

210.586 211.275 213.494 209.555 

264.176 270.867 273.641 274.160 

 

 

 

 

Actual  

Tq 

(b) Corrected YTq1 

1 2 3 

132.957 134.287 133.853 133.704 

201.235 200.988 200.391 200.537 

270.008 264.613 266.121 265.621 

338.719 330.691 330.411 330.387 

Actual  

Tq 

(b) Corrected YTq2 

1 2 3 

132.956 142.107 141.163 143.752 

201.233 192.221 191.296 192.812 

270.005 257.747 258.821 257.921 

338.716 326.828 328.363 328.674 
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The corrected torque measurements were then applied to the polynomial equation for the 

input and output relationship. Then the errors were calculated. Table A4. 19 to Table A4. 

22 show the percentage of error of the force platform after calibration. 

Table A4. 19: XTq1 % of error. 

Actual 

Tq 

Error (%)  
Average STD 

1 2 3 

69.272 0.340 -0.433 0.957 0.288 0.697 

104.846 -3.965 -2.852 -1.998 -2.938 0.987 

140.677 -0.076 -1.099 -1.801 -0.992 0.867 

176.476 -1.141 -0.826 -1.242 -1.070 0.217 

Average -1.178 0.692 

 

Table A4. 20: YTq1 % of error. 

Actual  

Tq 

Error(%) 
Average STD 

1 2 3 

132.957 -2.112 -2.514 -2.652 -2.426 0.281 

201.235 4.012 3.671 3.754 3.812 0.178 

270.008 4.257 4.885 4.677 4.606 0.320 

338.719 5.223 5.128 5.120 5.157 0.057 

Average 2.787 0.209 

 

Table A4. 21: XTq2 % of error. 

Actual  

Tq 

Error(%) 
Average STD 

1 2 3 

103.697 1.603 0.707 3.986 2.099 1.695 

156.949 1.457 2.276 1.703 1.812 0.420 

210.586 -0.025 0.977 -0.804 0.049 0.893 

264.176 0.000 0.875 1.038 0.638 0.558 

Average 1.149 0.892 

 

Table A4. 22: YTq2 % of error. 

Actual  

Tq 

Error(%) 
Average STD 

1 2 3 

132.956 5.093 4.226 6.599 5.306 1.201 

201.233 -1.020 -1.553 -0.679 -1.084 0.440 

270.005 1.394 1.842 1.467 1.568 0.240 

338.716 3.914 4.434 4.540 4.296 0.335 

Average 2.521 0.554 
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APPENDIX A5: BOBBIN TOOLS  

A5.1 Drawing of the fabricated tools 

Drawing for phase 2 tools 

Figure A5. 1: Single piece tool drawing. 
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Drawing for phase 3 tools 

Figure A5. 2: Top shoulder drawing for the press fit tool. 
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Figure A5. 3: Pin drawing for the press fit tool. 
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Figure A5. 4: Bottom shoulder drawing for the press fit tool. 
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Drawing for phase 4 tools 

Figure A5. 5: Assembly drawing for ‘tight fit’ tool. 
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Figure A5. 6: Drawing of top shoulder for ‘tight fit’ tool. 
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Figure A5. 7: Drawing of bottom shoulder and pin for ‘tight fit’ tool. 
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A5.2 Patent application 
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-End of patent documentation- 
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APPENDIX A6:  WELDED PLATES 

 (The materials used is the Al6082-T6, however when different material applied it will be 

indicated in the remark).  

Table A5. 1: Welded plates 

Identification Weld plate Tool Parameter/Remark 

SPB1G 

 

SPB1 

Manual milling 

machine. 

Modified force 

platform. 

650rpm. 

60mm/min. 

Fixed tool holder. 

Butt joint. 

SPB2G 

 

SPB2 

Manual milling 

machine. 

Modified force 

platform. 

650rpm. 

60mm/min. 

Fixed tool holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

SPB3G 

 

SPB3 

Manual milling 

machine. 

Modified force 

platform. 

650rpm. 

60mm/min. 

Fixed tool holder. 

Burr joint. 

SPB4G 

 

SPB4 

Manual milling 

machine. 

Modified force 

platform. 

650rpm. 

60mm/min. 

Fixed tool holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

PFB1SWD1 

 

PFB1 

CNC Milling 

Machine 

(Okuma). 

Force Platform 

before 

modification. 

600rpm. 

100mm/min. 

Bottom shoulder 

did not contact 

with bottom plate 

due to tool setup 

error. 

Floating tool 

holder. 

Butt joint. 

PFB1SWD2 

 

PFB1 

CNC Milling 

Machine 

(Okuma). 

Force Platform 

before 

modification. 

700rpm. 

150mm/min. 

Bottom shoulder 

did not contact 

with bottom plate 

due to tool setup 

error. 

Floating tool 

holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

PFB1SWD2S 

(Repeat) 

 

PFB1 

CNC Milling 

Machine 

(Okuma). 

Force Platform 

before 

modification. 

700rpm. 

150mm/min. 

Bottom shoulder 

did not contact 

with bottom plate 

due to tool setup 

error. 

Floating tool 

holder. 

Butt joint. 

PFB1SWD3 

 

PFB1 

CNC Milling 

Machine 

(Okuma). 

Force Platform 

before 

modification. 

800rpm. 

50mm/min. 

Bottom shoulder 

did not contact 

with bottom plate 

due to tool setup 

error. 

Floating tool 

holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

PFB1SWD3 

 

PFB1 

CNC Milling 

Machine 

(Okuma). 

Force Platform 

before 

modification. 

800rpm. 

50mm/min. 

Bottom shoulder 

did not contact 

with bottom plate 

due to tool setup 

error. 

Counter 

clockwise. 

Floating tool 

holder. 

Butt joint. 

PFB1S1 

 

PFB1 

CNC Milling 

Machine 

(Okuma). 

Force Platform 

before 

modification. 

600rpm. 

100mm/min. 

Floating tool 

holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

PFB1S2 

 

PFB1 

CNC Milling 

Machine 

(Okuma). 

Force Platform 

before 

modification. 

800rpm. 

200mm/min. 

Floating tool 

holder. 

Butt joint. 

PFB1S3 

 

PFB1 

CNC Milling 

Machine 

(Okuma). 

Force Platform 

before 

modification. 

700rpm. 

150mm/min. 

Floating tool 

holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

PFB1S4 

 

PFB1 

CNC Milling 

Machine 

(Okuma). 

Force Platform 

before 

modification. 

800rpm. 

200mm/min. 

Floating tool 

holder. 

Butt joint. 

PFB1S5 

 

PFB1 

CNC Milling 

Machine 

(Okuma). 

Force Platform 

before 

modification. 

700rpm. 

2032mm/min. 

Floating tool 

holder. 

Broke the tool. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

TB07S1 

 

TB07 

CNC Milling 

Machine 

(Okuma). 

Force Platform 

before 

modification. 

800rpm. 

80mm/min. 

Shoulder gap was 

set at 3.85mm. 

Fixed tool holder. 

Butt joint.  

TB07S2 

 

TB07 

CNC Milling 

Machine 

(Okuma). 

Force Platform 

before 

modification. 

800rpm. 

200mm/min. 

Shoulder gap was 

set at 3.85mm. 

Fixed tool holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

TB07S3 

 

TB07 

CNC Milling 

Machine 

(Okuma). 

Force Platform 

before 

modification. 

900rpm. 

200mm/min. 

Shoulder gap was 

set at 3.85mm. 

Fixed tool holder. 

Butt joint. 

TB07SG1 

 

TB07 

CNC Milling 

Machine 

(Okuma). 

Force Platform 

before 

modification. 

800rpm. 

200mm/min. 

Shoulder gap 

4mm. 

Floating tool 

holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

TB07SG2 

 

TB07 

CNC Milling 

Machine 

(Okuma). 

Force Platform 

before 

modification. 

800rpm. 

200mm/min. 

Shoulder gap 

3.85mm. 

Floating tool 

holder. 

Butt joint. 

TB07SG3 

 

TB07 

CNC Milling 

Machine 

(Okuma). 

Force Platform 

before 

modification. 

800rpm. 

200mm/min. 

Shoulder gap 

3.65mm. 

Floating tool 

holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

SPB4ST1 

 

SPB4 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

50mm/min. 

Fixed tool holder. 

Butt joint. 

SPB4ST2 

 

SPB4 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

200mm/min. 

Fixed tool holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

SPB4ST3 

 

SPB4 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

1000rpm. 

100mm/min. 

Fixed tool holder. 

Butt joint. 

SPB4ST4 

 

SPB4 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

1000rpm. 

200mm/min. 

Fixed tool holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

SPB1ST1F 

 

SPB1 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

200mm/min. 

Fixed tool holder. 

Butt joint. 

SPB2ST1 

 

SPB2 

CNC Milling 

Machine 

(Okuma). 

Rigid support. 

800rpm. 

200mm/min. 

Fixed tool holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

SB3ST1 

 

SPB3 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

200mm/min. 

Fixed tool holder. 

Butt joint. 

SPB1ST1 

 

SPB1 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

200mm/min. 

Floating tool 

holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

SPB2ST1F 

 

SPB2 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

200mm/min. 

Floating tool 

holder. 

Butt joint. 

SPB3ST1F 

 

SPB3 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

200mm/min. 

Floating tool 

holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

SPB4ST5 

 

SPB4 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

200mm/min. 

Floating tool 

holder. 

Butt joint. 

SPB4ST6 

 

SPB4 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

50mm/min. 

Floating tool 

holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

SPB4ST7 

 

SPB4 

CNC Milling 

Machine 

(Richmond-

CPIT). 

Rigid support.  

800rpm. 

50mm/min. 

Floating tool 

holder. 

Butt joint. 

SPB1ST2 

 

SPB1 

CNC Milling 

Machine 

(Richmond-

CPIT). 

Rigid support.  

800rpm. 

200mm/min. 

Floating tool 

holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

SPB4ST8 

 

SPB4 

CNC Milling 

Machine 

(Richmond-

CPIT). 

Rigid support.  

800rpm. 

200mm/min. 

Floating tool 

holder. 

Butt joint. 

SPB1ST3 

 

 

SPB1 

CNC Milling 

Machine 

(Richmond-

CPIT). 

Rigid support.  

800rpm. 

400mm/min. 

Floating tool 

holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

SPB4ST9 

 

SPB4 

CNC Milling 

Machine 

(Richmond-

CPIT). 

Rigid support.  

800rpm. 

400mm/min. 

Floating tool 

holder. 

Butt joint. 

A2B13O1 

 

 

A2B13 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

1500mm/min. 

Fixed tool holder. 

Linished plates 

which skimmed at 

top and bottom 

side. 

No thermocouples 

attached. 

Butt joint. 

Al6082. 

Temper off (35-

40HV). 
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Identification Weld Tool Parameter/Remark 

A2B1302 

 

A2B13 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

1500mm/min. 

Fixed tool holder. 

Linished plates 

which skimmed at 

top and bottom 

side. 

With 

thermocouples 

attachment. 

Butt joint. 

Temper off (35-

40HV). 

A2B9O1 

 

A2B9 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

1500mm/min. 

Fixed tool holder. 

Linished plates 

which skimmed at 

top and bottom 

side. Temper off. 

Butt joint. 

Temper off (35-

40HV). 
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Identification Weld Tool Parameter/Remark 

A2B9O2 

 

A2B9 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

1500mm/min. 

Fixed tool holder. 

Linished plates 

which skimmed at 

top and bottom 

side. Temper off 

Counter Clock 

Wise. 

Butt joint. 

Temper off (35-

40HV). 

A2B13S1 

 

A2B13 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

500mm/min. 

Fixed tool holder. 

Linished plates 

which skimmed at 

top and bottom 

side. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

A2B13S2 

 

A2B13 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

1000mm/min. 

Fixed tool holder. 

Linished plates 

which skimmed at 

top and bottom 

side. 

Butt joint. 

A2B13S3 

 

A2B13 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

1250mm/min. 

Fixed tool holder. 

Linished plates 

which skimmed at 

top and bottom 

side. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

A2B13S4 

 

A2B13 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

1500mm/min. 

Fixed tool holder. 

Linished plates 

which skimmed at 

top and bottom 

side. 

Butt joint. 

A2B13S5 

 

A2B13 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

1500mm/min. 

Fixed tool holder. 

6mm parent plates 

which skimmed at 

top and bottom 

side. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

A2B13S6 

 

A2B13 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

1750mm/min. 

Fixed tool holder. 

6mm parent plates 

which skimmed at 

top and bottom 

side. 

Butt joint. 

A2B8S1 

 

A2B8 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

400mm/min. 

Fixed tool holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

A2B8S2 

 

A2B8 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

400mm/min. 

Fixed tool holder. 

Butt joint. 

A2B8S3 

 

A2B8 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

800mm/min. 

Fixed tool holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

A2B8S4 

 

A2B8 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

1250mm/min. 

Fixed tool holder. 

Butt joint. 

A2B8S5 

 

A2B8 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

1000rpm. 

900mm/min. 

Fixed tool holder. 

Entry 1400rpm. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

A2B8S6 

 

A2B8 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

1000rpm. 

800mm/min. 

Fixed tool holder. 

Entry 1400rpm. 

Butt joint. 

A2B8S7 

 

A2B8 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

1100rpm. 

1000mm/min. 

Fixed tool holder. 

Entry 1400rpm. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

A2B8S8 

 

A2B8 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

1400rpm. 

1000mm/min. 

Fixed tool holder. 

Entry 1400rpm. 

Butt joint. 

A2B8S9 

 

A2B8 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800pm. 

1500mm/min. 

Fixed tool holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

A2B10S1 

 

A2B10 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

600pm. 

200mm/min. 

Fixed tool holder. 

Butt joint. 

A2B10S2 

(Repeat) 

 

A2B10 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

600pm. 

200mm/min. 

Fixed tool holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

A2B10S3 

 

A2B10 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800pm. 

1250mm/min. 

Fixed tool holder. 

Butt joint. 

A2B10S4 

(Repeat) 

 

A2B10 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800pm. 

1250mm/min. 

Fixed tool holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

A2B10S5 

 

A2B10 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800pm. 

1500mm/min. 

Fixed tool holder. 

Butt joint. 

A2B7S1 

 

A2B7 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800pm. 

1500mm/min. 

Fixed tool holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

A2B11S1 

 

A2B11 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800pm. 

1500mm/min. 

Fixed tool holder. 

Butt joint. 

A2B12S1 

 

A2B12 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800pm. 

1500mm/min. 

Fixed tool holder. 

Butt joint. 
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Identificatio

n 
Weld Tool Parameter/Remark 

A2B14S1 

 

A2B1

4 

CNC Milling 

Machine (Okuma). 

Rigid support. 

800pm. 

1500mm/min. 

Fixed tool holder. 

Butt joint. 

A2B8R1 

 

A2B8 

CNC Milling 

Machine (Okuma). 

Rigid support.  

Randomly 

increase/decrease

d feed rate. 

Fixed tool holder. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

A2B8R2 

 

A2B8 

CNC Milling 

Machine (Okuma). 

Rigid support.  

Randomly 

increase/decreased 

feed rate and 

spindle speed. 

Fixed tool holder. 

Broke the tool. 

Butt joint. 

SPB4SF1 

 

SPB4 

Manual milling 

machine. 

Modified force 

platform. 

660rpm. 

60mm/min. 

Fixed tool holder. 

Weld on plate. 
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Identification Weld Tool Parameter/Remark 

SPB4SF2 

 

SPB4 

Manual milling 

machine. 

Rigid support 

660rpm. 

60mm/min. 

Fixed tool holder. 

Weld on plate. 

 

A2B1SF3 

 

A2B1 

Manual milling 

machine. 

Modified force 

platform. 

660rpm. 

60mm/min. 

Fixed tool holder. 

Weld on plate. 

 

A2B5SF4 

 

A2B5 

Manual milling 

machine. 

Modified force 

platform. 

660rpm. 

60mm/min. 

Fixed tool holder. 

Weld on plate. 
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Identification Weld Tool Parameter/Remark 

A2B6SF5 

 

A2B6 

Manual milling 

machine. 

Modified force 

platform. 

660rpm. 

60mm/min. 

Fixed tool holder. 

Weld on plate. 

 

A2B1STS1 

 

A2B1 

CNC milling 

machine. 

Weld on plate. 

Rigid support. 

350rpm. 

120mm/min. 

Fixed tool holder. 

Weld on plate. 

 

A2B1STS2 

 

A2B1 

CNC milling 

machine. 

Weld on plate. 

Rigid support. 

350rpm. 

200mm/min. 

Fixed tool holder. 

Weld on plate. 
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Identification Weld Tool Parameter/Remark 

A2B1STS3 

 

A2B1 

CNC milling 

machine. 

Weld on plate. 

Rigid support. 

350rpm. 

250mm/min. 

Fixed tool holder. 

Weld on plate. 

 

A2B1STS4 

 

A2B1 

CNC milling 

machine. 

Weld on plate. 

Rigid support. 

350rpm. 

350mm/min. 

Fixed tool holder. 

Weld on plate. 

 

A2B1STS5 

 

A2B1 

CNC milling 

machine. 

Weld on plate. 

Rigid support. 

350rpm. 

450mm/min. 

Fixed tool holder. 

Weld on plate. 
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Identification Weld Tool Parameter/Remark 

A2B1STS6 

 

A2B1 

CNC milling 

machine. 

Weld on plate. 

Rigid support. 

350rpm. 

550mm/min. 

Fixed tool holder. 

Weld on plate. 

 

A2B1STS7 

 

A2B1 

CNC milling 

machine. 

Weld on plate. 

Rigid support. 

350rpm. 

650mm/min. 

Fixed tool holder. 

Weld on plate. 

 

A2B1STS8 

 

A2B1 

CNC milling 

machine. 

Weld on plate. 

Rigid support. 

350rpm. 

850mm/min. 

Fixed tool holder. 

Weld on plate. 
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Identification Weld Tool Parameter/Remark 

A2B1STS9 

 

A2B1 

CNC milling 

machine. 

Weld on plate. 

Rigid support. 

350rpm. 

950mm/min. 

Fixed tool holder. 

Brook the tool. 

Weld on plate. 

 

A2B1STS10 

 

A2B1 

CNC milling 

machine. 

Rigid support. 

350rpm. 

750mm/min. 

Fixed tool holder. 

Brook the tool. 

*Replicated tool 

Butt joint. 

A2B2STS11 

 

A2B2 

CNC milling 

machine. 

Rigid support. 

350rpm. 

650mm/min. 

Fixed tool holder. 

Brook the tool. 

Butt joint. 
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Identification Weld Tool Parameter/Remark 

A2B3STS12 

 

A2B3 

CNC milling 

machine. 

Rigid support. 

800rpm. 

200mm/min. 

Fixed tool holder. 

Brook the tool. 

Butt joint. 

A2B3STS13 

 

A2B3 

CNC milling 

machine. 

Rigid support. 

800rpm. 

1000mm/min. 

Fixed tool holder. 

Butt joint. 
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A2B3STS14 

 

A2B3 

CNC milling 

machine. 

Rigid support. 

800rpm. 

1250mm/min. 

Fixed tool holder. 

Butt joint. 

A2B3STS15 

 

A2B3 

CNC milling 

machine. 

Rigid support. 

800rpm. 

1500mm/min. 

Fixed tool holder. 

Butt joint. 
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A2B4TF1 

 

A2B4 

CNC milling 

machine. 

Rigid support. 

800rpm. 

1500mm/min. 

Fixed tool holder. 

Skimmed at top 

side only. 

Butt joint. 

A2B5TF2 

 

A2B5 

CNC milling 

machine. 

Rigid support. 

800rpm. 

1500mm/min. 

Fixed tool holder. 

Skimmed at top 

side only. 

Butt joint. 
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A2B13C1 

 

A2B13 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

500mm/min. 

Fixed tool holder. 

Skimmed plates at 

top and bottom 

side. 

The parent 

material was 6mm 

thick. 

Copper at 

advancing side. 

Produce rinse of 

aluminium at the 

centre.  

Butt joint. 

 

A2B13C2 

 

A2B13 

CNC Milling 

Machine 

(Okuma). 

Rigid support.  

800rpm. 

500mm/min. 

Fixed tool holder. 

Skimmed plates at 

top and bottom 

side. 

The parent 

material was 6mm 

thick. 

Copper at 

retreating side. 

Broke the tool. 

Butt joint. 
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TB07Al2024 

 

TB07 

Manual milling 

machine. 

Support at 

advancing side. 

800rpm. 

200mm/min. 

Shoulder gap was 

set at 3.85mm. 

Fixed tool holder. 

Weld on plate. 

Al2024 4.826 mm 

thickness. 

Skimmed top 

surface. 

SPB4Al5052-

1 

    

SPB4 

CNC milling 

machine (Okuma). 

800rpm. 

200mm/min. 

Fixed tool holder. 

Rigid support. 

Weld on plate. 

Al5052. 

SPB2Al5052-

1 

 

SPB2 

CNC milling 

machine (Okuma). 

800rpm. 

200mm/min. 

Fixed tool holder. 

Rigid Support. 

Weld on plate. 

Al5052. 
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A2B4Al5052-

1 

 

A2B4 

CNC milling 

machine (Okuma). 

350rpm. 

120mm/min. 

Fixed tool holder. 

Rigid Support. 

Weld on plate. 

Al5052. 

SPB1Al5052-

1 

 

SPB1 

CNC milling 

machine (Okuma). 

800rpm. 

200mm/min. 

Fixed tool holder. 

Rigid Support. 

Weld on plate. 

Al5052. 

 

SPB1Al5052-

2 

 

SPB1 

CNC milling 

machine (Okuma). 

800rpm. 

200mm/min. 

Fixed tool holder. 

Rigid Support. 

Weld on plate. 

Al5052. 

Manually add 

chamfer at 

shoulder edge 15°. 
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A2B3ALG1 

 

A2B3 

CNC milling 

machine (Okuma). 

800rpm. 

1250mm/min. 

Fixed tool holder. 

Rigid Support. 

Along the 

extrusion 

direction. 

 

A2B3ALG2 

 

A2B3 

CNC milling 

machine (Okuma). 

800rpm. 

1500mm/min. 

Fixed tool holder. 

Rigid Support. 

Along the 

extrusion 

direction. 
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SPB2FM1 

 

SPB2 

CNC milling machine 

(Okuma). 

800rpm. 

400mm/min. 

Fixed tool holder. 

Rigid Support. 

Fomeca at AS. 

Weld on plate. 

 

SPB2FM2 

 

SPB2 

CNC milling machine 

(Okuma). 

800rpm. 

200mm/min. 

Fixed tool holder. 

Rigid Support. 

Fomeca at AS. 

Weld on plate. 

SPB2FM3 

 

SPB2 

CNC milling machine 

(Okuma). 

800rpm. 

200mm/min. 

Fixed tool holder. 

Rigid Support. 

Fomeca at AS. 

Al5052. 

Weld on plate 
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SPB2L1 

 

SPB2 

Manual milling 

machine. 

800rpm. 

200mm/min. 

Linished material. 

Fixed tool holder. 

Rigid Support. 

Butt joint. 

 

 

 

SPB1L1 

 

SPB1 

Manual milling 

machine. 

2000rpm. 

200mm/min. 

Linished material. 

Fixed tool holder. 

Rigid Support. 

Butt joint. 

Manually chamfer 

shoulder edge. 

SPB2L2 

 

SPB2 

Manual milling 

machine. 

600rpm. 

100mm/min. 

Linished material. 

Fixed tool holder. 

Rigid Support. 

Butt joint. 

Manually chamfer 

shoulder edge. 
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